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EXECUTIVE SUMMARY 
 
 

 This technical report has been prepared in fulfillment of Contract No. 68-C5-0075, Work 
Assignment (WA) No. 4-30, by Battelle under the sponsorship of the U.S. Environmental Protection 
Agency’s (U.S. EPA’s) National Risk Management Research Laboratory (NRMRL).   
 

The goal of this study was to investigate and identify natural attenuation/natural recovery 
processes responsible for the recovery of polychlorinated biphenyl (PCB)-contaminated sediments at 
Lake Hartwell.  The study involved the collection of 10 sediment cores from ten transect locations 
identified in the U.S. EPA Record of Decision (ROD) for this site and used in various studies.  The 
transect locations were Transects T16, W7, Q, P, O, N, L, J, I, and T6.   

 
Cores were subdivided into 5-cm segments and analyzed for lead-210 (210Pb), cesium-137 (137Cs), 

and PCBs.  Sediment 210Pb and 137Cs analyses were conducted to age date sediments and to determine 
sediment accumulation rates (cm/yr) and sedimentation rates (g/cm2-yr).  Detailed PCB congener 
analyses were conducted on the 107 individual PCB congeners quantified by gas chromatography/mass 
spectrometry (GC/MS) analysis to identify vertical and lateral congener profiles and trends.  

 
The most upgradient transect cores (T16, W7, Q, and P) were impacted significantly by sediment 

built up in the headwaters of Lake Hartwell from the historical sediment releases from upgradient 
impoundments.  As expected, the highest PCB concentrations were associated with silt/clay layers, 
whereas sand layers contained very low PCB concentrations.  The historical sediment releases resulted in 
substantial burial of PCB-contaminated sediment in the vicinity of these four cores and in surface 
sediment concentrations well below 100 µg/kg in each core, which is less than the 1 mg/kg t-PCB cleanup 
goal for Lake Hartwell surface sediments.  

 
Cores O, N, L, J, I, and T6 consisted primarily of silt and were not noticeably impacted by the 

release of silt and sand from the impoundments.  In these cores, surface sediments showed decreasing  
t-PCB concentrations approaching the target concentration of 1.0 mg/kg; the maximum surface sediment 
t-PCB concentration was measured at Transect L at 1.58 mg/kg, and the minimum measured surface 
sediment concentration was measured at Transect I at 0.86 mg/kg.   

 
Sediment accumulation rates (cm/yr) were used to calculate sedimentation rates (g/cm2-yr), which 

are a measure of the mass of sediment deposited per year as opposed to the sediment depth per year.  The 
sedimentation rates measured in the five downgradient Lake Hartwell cores ranged from 5.43 g/cm2-yr in 
Core L to 0.75 g/cm2-yr in Core T6.  Sediment accumulation rates could not be determined for Core J 
because of poor sediment recovery at Transect J.  Sediment accumulation rates ranged from 0.66 to 19 
cm/yr.  However, unlike sedimentation rates, sediment accumulation rates are strongly influenced by the 
sediment water content, and the apparent sediment accumulation rate in cm/yr is much higher near the 
surface than at depth.  
 

The 1.0 mg/kg t-PCB goal has been achieved in most cores, including the four upgradient cores, 
and Cores N, I, and T6.  The 1.0 mg/kg t-PCB goal is expected to be achieved within 1 to 3 years in the 
vicinity of Transects O and L.  A more stringent future goal of 0.4 mg/kg t-PCB is expected to be 
achieved within 2 to 5 years in Cores L, I, and T6, and within 5 to 10 years in Cores N and O.  An even 
more stringent long-term out year goal of 0.05 mg/kg t-PCB is expected to be achieved within 8 to 10 
years in Core L, 10 to 15 years in Cores I and T6, and 25 to 30 years in Core N.   
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The HEC-6 model used for the U.S. EPA ROD for the Sangamo-Weston/Twelvemile Creek/Lake 
Hartwell Superfund site appeared to approximate sediment accumulation reasonably well in the vicinity 
of the upgradient transects (i.e., Transects T16, W7, Q, and P).  Very high levels of sediment 
accumulation were noted for all four transect cores. Cores T16, W7, and P showed the highest levels of 
sand accumulation, followed by Core Q.   
 

The HEC-6 model overpredicted sediment accumulation rates in Cores O and N by a factor of 
four to ten times, and underpredicted rates in Cores I and T6.  Transect L was the only downgradient 
transect whose model-estimated sediment accumulation rate closely matched the measured rate.  Without 
access to the precise model inputs into the HEC-6 model, it is difficult to know exactly why the model-
predicted and measured sediment accumulation rates differed for Transects O, N, I, and T6.  However, it 
appears that the model predicted a more gradual transition between the upper and lower portions of 
Twelvemile Creek, so that higher sedimentation would occur in the vicinity of Transects O and N and 
lower sedimentation would occur in the vicinity of Cores I and T16.  In contrast, the measured rates 
demonstrated that the sediment accumulation rates throughout the lake and downgradient of Transect P 
were relatively constant.  The sediment depth accumulated over a 10-year period at the five age-dated 
downgradient transects ranged from approximately 10 to 50 cm, and there was no evidence that there was 
greater accumulation around the more upgradient of these cores than the more downgradient cores.  

 
PCB composition (i.e., the relative concentrations of PCB congeners) was examined based on 

PCB homologue (i.e., level of chlorination) data and congener data.  The PCB congener composition 
became increasingly dominated by lower chlorinated congeners with sediment depth and corresponding 
age of the deposited sediments, which is consistent with changes observed in the homologue composition.  
A significant loss (45%) of tetra-, penta-, and hexachlorobiphenyl congeners and accumulation of mono-, 
di-, and trichlorobiphenyls dominated at greater depth.  

 
The shift from higher to lower chlorinated congeners resulted in the accumulation of primarily 

ortho-chlorinated biphenyls, particularly 2,2´- and 2,6-dichlorobiphenyls, both of which have chlorines 
only in ortho positions; these two congeners showed a combined 29% increase.  PCB 1 (2-chloro-
biphenyl, also an ortho-chlorinated congener) was detected at relatively high concentrations in many of 
the deeper sediment samples that also had high overall PCB concentrations; in a number of those samples, 
PCB 1 comprised more than 5% of the t-PCB concentration.  PCB 4/10 was the most abundant congener 
in almost all except the most shallow sediments; PCB 4/10 alone constituted more than 25% of the total 
PCBs in many of the samples, and as much as 44% of the total PCBs in a few samples (i.e., Core P, 
Segments 8, 9, and 10).  

 
There was surprisingly little difference in PCB homologue and congener distributions along the 

river; the upgradient locations had distributions and trends that were similar to the downgradient locations 
when measured from sediment samples closest to the surface (the most recently deposited sediments).  In 
each of the surface sediment samples, tetrachlorobiphenyls were most abundant, followed by the tri- and 
pentachlorobiphenyls, then by di- and hexachlorobiphenyls, and mono and heptachlorobiphenyls.   

 
The sediments close to the surface had a PCB congener distribution centered around higher 

molecular weight tetrachlorobiphenyls (approximately around PCB 66), but with significant contributions 
of key congeners ranging from di- through hexachlorobiphenyls.  Major congeners (each generally 
comprising between 2 and 6 percent of the total PCBs) included the dichlorobiphenyl PCB 4/10; the 
trichlorobiphenyls PCB 16/32 and PCB 19; the tetrachlorobiphenyls PCB 41, PCB 47, PCB 49, PCB 52, 
PCB 66, and PCB 70/76; the pentachlorobiphenyls PCB 95, PCB 101/90, PCB 110, and PCB 118; and 
the hexachlorobiphenyls PCB 138/160/163, PCB 149, and PCB 153.  PCB 110 was typically the most 
abundant PCB congener in the surface and near-surface sediment samples, contributing more than 5% of 
the total PCB in many of these sediments.   
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Dechlorination, a PCB transformation process characterized by the removal of one or more 
chlorine substitutions on the PCB molecule, was observed in the Lake Hartwell sediments.  A review of 
the molecular structures of the congeners for which a large relative concentration decrease was observed 
(e.g., PCB 22, PCB 28, PCB 33/20, and PCB 44) revealed that these congeners had two or more chlorines 
in the meta or para positions, and therefore were highly susceptible to anaerobic dechlorination.  On the 
other hand, the congeners for which the greatest relative concentration increase was observed (e.g., PCB 
4/10, PCB 19, PCB 24/27, and PCB 51) had all or most of the chlorines in the ortho positions.  
Dechlorination transformations clearly occurred in these sediments, with meta and para substituted 
chlorines being removed from various PCB congener molecules and resulting in an accumulation of 
primarily ortho- substituted congeners. 
 

The very slow dechlorination of congeners with all chlorines in the ortho position (e.g., PCB 4, 
PCB 10, and PCB 19) resulted in their accumulation in the deeper sediments.  These three congeners 
constitute more than 50% of the total PCBs in many of the study sediments that were deposited about 20 
years ago, compared to less than 5% of the t-PCB concentration in the surface sediments.   
 

The PCB data generated for this study were modeled using the multivariate statistical method 
known as polytopic vector analysis (PVA) to identify fingerprint (also known as end-member) 
compositions from the data generated for Lake Hartwell.  End-member (EM) patterns were then 
compared to source patterns reported in the literature (e.g., Aroclor compositions and known PCB 
dechlorination or weathering patterns).  
 

PVA resolved three end-member patterns.  The composition and distribution of EM-1 had 
characteristics of a 50/50 mixture of Aroclors 1248 and 1254.  The presence of Aroclor 1254 in the EM-1 
mixture was not surprising, but the presence of Aroclor 1248 was unexpected because it was not used by 
the Sangamo-Weston plant.  However, other work has demonstrated that when Aroclor 1242 volatilizes 
from soils, the residue remaining in the soil can have a PCB profile virtually identical to unaltered 
Aroclor 1248.  To the extent that the information indicating that Aroclor 1242 (not 1248) was used is 
accurate, the Aroclor 1248 pattern in the EM-1 end-member pattern may have been related to a weathered 
Aroclor 1242, and the EM-1 pattern was consistent with a mixed “weathered” Aroclor 1242/Aroclor 1254 
source.  Furthermore, the compositions of 1016 and 1242 are very similar; both Aroclors are dominated 
by Cl-2, Cl-3, and Cl-4 homologues.  This similarity suggests that the 1248 pattern also could be due in 
part from weathered Aroclor 1016.  Thus, EM-1 likely represented a mixture of Aroclor 1254 with 
weathered residues of Aroclors 1242 and 1016, which resembled a 50/50 mixture of Aroclors 1254 and 
1248.   
 

EM-2 was dominated by low-chlorinated congeners, including mono-, di-, and trichlorobiphenyls.  
The congeners that made up EM-2 preferentially exhibited chlorines in the 2 (ortho), 4 (para), and 6 
(ortho) positions, including 2,2'/2,6-CB (PCB 4/10), 2 CB (PCB 1), 2,2',6-CB (PCB 19), and 2,2',3/2,4', 
6-CB (PCB 16/32).  The dominance of ortho-chlorines suggested that EM-2 was a result of a microbial 
dechlorination process.   
 

Comparison of EM-2 with literature-reported congener fingerprints identified Aroclor 1248 
dechlorination via Process C as a close match.  EM-2 showed higher proportions of lower chlorinated 
congeners and fewer tri- and tetrachlorobiphenyls than the 20-week dechlorinated sample used to 
demonstrate Process C, which may have been due to the much longer incubation time observed with the 
Lake Hartwell sediments (up to 20 years).  
 

EM-3 was characterized by di-, tri-, and tetrachlorobiphenyl congeners.  Review of known 
dechlorination processes suggested that this pattern was related to Process H' dechlorination.  Process H' 
involves dechlorination of 23-, 234, and possibly 236-chlorophenyl groups at the meta positions, and 34- 
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and 245-chlorophenyls at the para positions.  However, unlike Process C, reference data from Process H' 
dechlorination experiments were unavailable for comparison with EM-3.   

 
EM-1 was most abundant in the upper sections of the cores in the most recently deposited 

sediments and was depleted to low or non-detectable levels with increasing depth, suggesting it 
represented source PCB contamination in Lake Hartwell.  In the five age-dated cores, the maximum 
proportion of EM-2 occurred in sediments with assigned ages between 1977 and 1985.  The maximum 
proportions of EM-2 also roughly corresponded to sediment intervals of highest concentration.  
Maximum EM-3 concentrations appeared to be associated with samples deposited between 1984 and 
1990, with one exception where a high concentration is observed in a sample deposited in 1959 in Core L.   
 

Process C exhibited the highest proportion of lower-chlorinated congeners and the lowest 
proportion of tri-, tetra-, and higher chlorinated congeners, suggesting that these sediments had undergone 
the most extensive dechlorination at the site.  Process H' (EM-3) appeared to be an intermediate between 
the source (EM-1) sediments and Process C (EM-2) sediments, which is consistent with the respective 
time periods associated with each end member.  The Process H' (EM-3) sediments had a higher 
proportion of lower chlorinated congeners than the EM-1 sediments, but they also had a higher proportion 
of higher chlorinated congeners than the EM-2 sediments.   
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1.0  DESCRIPTION OF WORK ASSIGNMENT 
 

 
 This technical report has been prepared in fulfillment of Contract No. 68-C5-0075, Work 
Assignment (WA) No. 4-30 by Battelle under the sponsorship of the U.S. Environmental Protection 
Agency’s (U.S. EPA’s) National Risk Management Research Laboratory (NRMRL).  The work was 
conducted at Battelle Memorial Institute, Columbus, OH, during the period of October 1, 1999 to 
September 30, 2000 (FY00). 
 

Mr. Richard C. Brenner was the U.S. EPA Project Officer for this contract and was also the Work 
Assignment Manager (WAM).  Dr. Jeffrey L. Means was the Battelle Program Manager for this contract.  
Dr. Victor S. Magar was the Battelle Work Assignment Leader (WAL).  The members of the Battelle 
project staff included Mr. James E. Abbott, Ms. Jennifer A. Ickes, Dr. Greg S. Durell, Ms. Carole M.S. 
Peven-McCarthy, and Ms. Regina M. Lynch.  Dr. Glenn Johnson (Energy and Geoscience Institute, Civil 
and Environmental Engineering Department, University of Utah) provided technical assistance with the 
interpretation of polychlorinated biphenyl (PCB) congener patterns using a polyvector analytical 
approach.  Dr. Eric A. Crecelius, at the Battelle Marine Sciences Research Laboratory, Sequim, WA, 
conducted 210Pb and 137Cs analyses and interpreted the age-dating results. 
 
1.1 Background 
 

U.S. EPA’s NRMRL is interested in developing effective, inexpensive remediation technologies 
for contaminated sediments.  This study focuses on the recovery of sediments contaminated with PCB 
compounds.  It has been determined that anaerobic and aerobic biotransformation/biodegradation of PCBs 
reduces the overall contaminant mass (Quensen and Tiedje, 1997), sorption onto organic particles reduces 
bioavailability (McGroddy et al., 1996), and sediment containment through natural capping can act as a 
natural barrier to protect the aquatic environment from contaminated sediments (Cardenas and Lick, 
1996).  The goal of this study was to achieve a better understanding of the natural mechanisms that 
contribute to the recovery of PCB-contaminated sediments.  The study focused on the natural recovery of 
PCB-contaminated sediments at the Sangamo-Weston/Twelvemile Creek/Lake Hartwell Superfund site in 
South Carolina (i.e., the Lake Hartwell [LH] site).  A parallel study conducted under this work assignment 
evaluated the natural recovery of polycyclic aromatic hydrocarbon (PAH)-contaminated sediments at the 
Wyckoff/Eagle Harbor Superfund site in Bainbridge Island, WA.  The results of the Eagle Harbor (EH) 
study are reported separately (Battelle, 2001).  
 

In general, natural recovery of contaminated sediments relies on two primary mechanisms: 1) 
burial of contaminated sediments with clean sediments and 2) contaminant weathering.  Sediment burial 
(capping) acts both to protect the water column from the vertical diffusion and advection of contaminants 
from near surface sediments and to reduce contaminant transport into the food chain that can occur 
through bioturbation and bioaccumulation in surface or near-surface sediments.  
(Bioaccumulation/bioturbation were not investigated as part of this work assignment, but these 
mechanisms are recognized as important factors when considering sediment recovery.)  PCB weathering, 
which includes such mechanisms as dilution, volatilization, biodegradation, and sequestration, can 
provide a permanent reduction in levels of PCB contamination and of PCB chlorination.  Biological 
reductive dechlorination under anaerobic conditions preferentially dechlorinates higher-chlorinated PCB 
congeners, transforming them to lower-chlorinated congeners.  Other weathering processes such as 
dilution and volatilization preferentially remove lower-chlorinated PCBs that are more mobile.  This 
study focused on evaluating natural sediment capping and contaminant weathering at the LH site.  The 
contributions of the various potential weathering mechanisms were not examined separately, except by 
careful analysis of PCB congener profiles in aged sediments.   
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LH is an artificial lake located in the northwest corner of South Carolina along the Georgia state 
line.  It is bordered by Anderson, Pickens, and Oconee Counties in South Carolina and is bordered by 
Stephens, Franklin, and Hart Counties in Georgia.  It was created between 1955 and 1963 when the U.S. 
Army Corps of Engineers (USACE) constructed Hartwell Dam on the Upper Savannah River, 7 miles 
from its confluence with the Seneca and Tugaloo Rivers.  LH extends 49 miles up the Tugaloo and 45 
miles up the Seneca at normal pool elevation, and covers nearly 56,000 acres of water with a shoreline of 
962 miles.  It is the second largest lake in South Carolina by volume, and the third largest lake in the state 
by surface area (South Carolina Department of Health and Environmental Control [SCDHEC], 1993).   

 
The Sangamo-Weston plant was used for manufacturing of electrolytic mica and power factor 

capacitors from 1955 to 1978 (U.S. EPA, 1994).  The plant used a variety of dielectric fluids in its 
manufacturing processes, including fluids containing PCBs.  Waste disposal practices included land 
burial of off-specification capacitors and wastewater treatment sludge on the plant site and at six satellite 
disposal areas.  PCBs were discharged with effluent directly into Town Creek, a tributary of Twelvemile 
Creek, which is in turn a major tributary of LH.  Between 1955 and 1977, the average quantity of PCBs 
used by Sangamo-Weston ranged from 700,000 to 2,000,000 lb/year.  An estimated 3% of the quantities 
received and used by the plant were discharged into Town Creek, resulting in an estimated cumulative 
discharge of 400,000 lb of PCBs.  An unspecified amount was buried in six off-site disposal areas.  PCB 
use was terminated in 1977, prior to a U.S. EPA ban on its use in January 1978 (U.S. EPA, 1994).   

 
The site was divided into two operable units (OUs).  OU 1 addressed the land-based areas, which 

included the Sangamo-Weston land and six satellite disposal areas.  The source of PCB contamination has 
been removed as part of the remediation of OU 1.  OU 2 consists of sediments contaminated with PCBs 
that lie at the bottom of LH (Figure 1-1).  This study pertains to the natural recovery of sediments in 
OU 2.   

 
Three impoundments exist on the lower section of Twelvemile Creek.  Woodside II is the  

lower-most and largest impoundment.  Woodside I is the middle impoundment.  Both Woodside I and II 
are owned and operated by Consolidated Hydro of Greenville, SC, and produce a combined electrical out 
put of 2.5 million kWh/yr.  Both impoundments result in the accumulation of sediments from Twelvemile 
Creek.  Historically, sediments have been released from the impoundments by opening sluice gates, 
resulting in the immediate discharge of sediment into LH (U.S. EPA, 1994).  In 1984, for example, up to 
20 ft of sediments were flushed from behind the lower and middle impoundments, and in 1993, an 
estimated 43,000 cubic yards of sediment were flushed from Woodside II.  More effective sediment 
passing techniques to facilitate downstream sediment transport and to mitigate short-term impacts to LH 
water quality and aquatic species are currently being evaluated by U.S. EPA Region 4. 

 
The third, uppermost impoundment, formerly used for hydroelectric power, was purchased in 

1962 by the Easley-Central Water District and is used as the intake point for the Easley-Central Water 
Plant.  Approximately 6 ft of sediments are flushed from behind this impoundment quarterly.   

 
The flushing of sediments from these three impoundments is expected to impact PCB 

concentrations in LH surface sediments.  If impounded sediments are contaminated with PCB, their 
release could result in the distribution of PCB-contaminated sediments in LH.  On the contrary, if the 
sediments are relatively clean, their release could result in the development of a clean sediment cap in 
portions of the lake.   
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Figure 1-1.  Lake Hartwell Site Map  
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1.2   Environmental System 
 

During a November 4, 1999 site visit, U.S. EPA Region 4 and Battelle staff identified the  
Sangamo-Weston/Twelvemile Creek/LH site as a suitable candidate to investigate natural recovery of 
PCB-contaminated sediments.  The LH site was selected for this study for the following reasons:  

 
• The site has a documented history of contaminated sediments, primarily from waste 

disposal practices from the manufacturing plant.  Understanding the source of PCB 
contamination makes it easier to discern the magnitude and extent of dechlorination. 

• Modeling of both the clean sediment deposition rate and the recovery of fish and benthic 
organisms was conducted by U.S. EPA and the USACE Waterways Experiment Station 
(WES) (U.S. EPA, 1994).  The model results suggest that sediment natural recovery 
should effectively protect human health and the environment through burial of 
contaminated sediments by clean sediments. 

• A 5-year review of natural recovery is currently underway.  The data-gathering efforts of 
this work assingment will be combined with the data-gathering efforts from the 5-year 
review to determine whether natural recovery does occur to the extent predicted by the 
models.  For this reason, U.S. EPA, Region 4 and USACE have expressed interest in this 
study and agreed to support the field efforts with data exchange and technical support. 

• The site is well characterized, providing a large database of information to select appropriate 
study locations and provide a history of sediment contamination. 

 
1.3 Project Objectives 
 

The primary objective of WA No. 4-30 was to investigate and identify natural attenuation/natural 
recovery processes responsible for the recovery of PCB-contaminated sediments at LH.  The following 
tasks were conducted and are addressed in this report:   
 

Task 1. Field sampling 
Task 2. Sediment age dating 
Task 3. PCB congener analyses  
Task 4. PCB partitioning  
Task 5. Comparison of data collected under this study with historical sediment characterization 

and monitoring data.  
 
Task 1 was conducted during January and February 2000.  Field sampling involved taking 

sediment cores and extruding them in the field into 5-cm segments for PCB, age dating, and partitioning 
analyses.  Surface water samples were taken for PCB analyses.   

 
Sediment age dating was conducted during Task 2.  Sediment ages were assigned to the extruded 

intervals in each sediment core based on the relative concentrations of two commonly occurring natural 
radionuclides, lead-210 (210Pb) and cesium-137 (137Cs).  210Pb is a naturally occurring uranium series 
radionuclide produced in the atmosphere by the decay of terragenic radon-222 (222Rn), which is a gas 
produced by natural radium-226 in rocks and soils (Robbins and Edington, 1975; Brugam and Carlson, 
1981).  137Cs occurs in the atmosphere due to fallout from historical nuclear testing.  210Pb and 137Cs are 
removed from the atmosphere through precipitation scavenging, and are rapidly incorporated into 
sediments through particle settling, resulting in relatively short residence times in natural waters 
(Schroeder, 1985).  The sequestered 210Pb and 137Cs decay with half-lives of 22.3 years and 30 years, 
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respectively, so that in a constantly accumulating sediment environment the activity of these isotopes 
show exponential declines with increasing depth according to an exponential (first-order) decay equation 
for radionuclides (Brugam and Carlson, 1981; Robbins and Edington, 1975; Schroeder, 1985).  Particle-
size distribution (PSD) (i.e., grain-size analysis) is used to support the assumption that uniform 
sedimentation processes occurred during the time period of interest.  The magnitude of the excess 210Pb 
concentration together with the precision of the analytical method for this nuclide limits the range of 
dating by this method to 100 to 200 years before the present time (Robbins and Edington, 1975).  The use 
of the 137Cs nuclide is limited to the early 1950s, at the onset of aboveground nuclear weapons testing.  

 
For Task 3, PCB analyses were conducted for each 5-cm sediment core segment.  PCB 

compounds were characterized to identify the source of contamination and the magnitude and extent of 
historical PCB weathering to date.  Of the 209 possible PCB congeners, approximately 107 congeners 
were identified and measured.  Relative changes in PCB distributions (e.g., a relative change between 
low- and high-chlorinated PCBs) were used to evaluate the degree of PCB dechlorination and weathering.  

 
For Task 4, PCB desorption from contaminated sediments was examined.  PCB-contaminated 

sediments were incubated with uncontaminated harbor water over a 12-week period, after which PCB 
concentrations were measured in the aqueous and sediment phases.  PCB desorption was measured as the 
mass of PCB contamination per gram inorganic sediment normalized to the mass of PCB contamination 
per liter water.     
 

At LH, fish tissue samples have been monitored annually since 1976 to evaluate the level of PCB 
contamination in fish.  As part of the June 1994 Final Record of Decision (U.S. EPA, 1994), aquatic biota 
monitoring and sediment sampling were required.  For Task 5, the results of this study were compared to 
existing historical data in order to evaluate the coring results against data collected with previously-used 
monitoring techniques.  The comparisons were made on the basis of estimated sedimentation rates, 
surface sediment recovery rates, and measured sediment PCB concentrations.   
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2.0  FIELD SAMPLING AND ANALYTICAL METHODS 
 
 
This section describes field sampling methods and PCB, 210Pb, and 137Cs analytical methods.  

Field and analytical methods were conducted in accordance with a U.S. EPA-approved Quality Assurance 
Project Plan (QAPP) for this study (QAPP I.D. No. 163-Q2) (Battelle, 1999).  
 
 The experimental design is described in Section 3.0 of the QAPP (Battelle, 1999).  The work 
assignment consists of the following four technical tasks: sediment coring and water sampling, age 
dating, PCB analyses, and PCB partitioning studies.   
 
2.1  Sediment Coring and Marine Water Sampling 

 
Sediment cores were collected from 10 locations in LH.  Table 2-1 shows sample coordinates, 

sediment core lengths, and water depths at each sample location.  Coring locations are shown in Figure 2-
1.  A U.S. EPA Region 4 pontoon vessel was used as the sampling platform during sediment coring 
operations for sample sites O, N, L, J, I, and T6 (Figure 2-2a).  Samples for sample sites T16, W7, Q, and 
P were collected on foot (Figure 2-2b).  Sediment cores collected from the pontoon were collected using a 
gravity corer equipped with 5-cm-diameter Lexan™ tubes (Figure 2-3a).  For the gravity corer, sediment 
core lengths were limited by the vertical depth the gravity corer penetrated the sediment when dropped 
from the pontoon.  Guide vanes on the corer ensured the collection of vertical cores.  Sediment cores 
collected on foot were collected using a conventional sand pounder with 5-cm-diameter Lexan™ tubes 
(Figure 2-3b) capable of collecting up to 180-cm-long samples.  Core lengths were limited by the ability 
of the field crew to pound the cores into the sediment and retract them by hand.  
 
 All cores were collected at predetermined river transects (Figure 2-1) that had already been 
established by U.S. EPA Region 4 and USACE under the site’s ongoing annual monitoring program.  As 
much as possible, samples cores were taken from the deepest portion of the river at each transect.  Vertical 
PCB profiles were established at each transect location.  A real time Global Positioning System (GPS) was 
used for the samples collected from the U.S. EPA vessel, but could not be used when the samples were 
collected on foot.   
 
 

Table 2-1.  Lake Hartwell Sample Coordinates and Core Depths 
 

Core Northing Easting Core Length (cm) Water Depth (m) 
T16 N/A N/A 148 0.6 
W7 N/A N/A 172 0.4 
Q N/A N/A 143 0.5 
P N/A N/A 135 0.15 
O 1058274.90596 1455557.32484 45 3.4 
N 1056858.33475 1452967.91292 45 5.5 
L 1054728.58522 1451267.30888 85 4.9 
J 1052834.16836 1448959.47268 27 7.5 
I 1050532.25144 1447400.60106 60 7.0 

T6 987026.84513 1443414.11186 50 9.1 
N/A = not applicable. 
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Denotes Sample Location
 

 
Figure 2-1.  Lake Hartwell Coring Locations and Historical Transect Locations  
     
(a)   Recording field data during 

sampling on pontoon. 
(b)  Driving sediment core for collection on foot. 
8

 
 

Figure 2-2.  Lake Hartwell Core Sampling 



 

     
(a)  Cores collected on pontoon in deep waters. (b)  Cores collected on foot in shallow waters. 

 
Figure 2-3.  Lake Hartwell Core Collection 

 
 
2.1.1  Sediment Extruding, Sectioning, and Sample Identification.  Three parallel cores were drawn 
from each location for further analysis; one parallel core was dedicated to each of three Battelle 
laboratories.  (Unsuitable cores, such as those with poor sediment recoveries, were discarded.)  Suitable 
cores were extruded on shore into 5-cm segments, and extruded samples were sent to their respective 
laboratories.  PCB analyses were conducted at the Battelle Ocean Sciences Laboratories in Duxbury, MA 
(Battelle-Duxbury); 210Pb and 137Cs analyses were conducted at the Battelle Marine Research Laboratories 
in Sequim, WA (Battelle-Sequim); and partitioning experiments were conducted at Battelle Columbus 
Operations (BCO).  Chain-of-custody was conducted in accordance with the QAPP (Battelle, 1999).  
Chain-of-custody forms, extruded sediment identification codes generated for each sample and each 
laboratory, and the extruded sediment intervals are shown in Appendix A.  Samples were identified by 
location (e.g., T6-03, L-03, or W7-04) and by segment number beginning with the number 1 for the most 
shallow sediment sample segment.  For example, sediment sample T6-1 was the surface-sediment sample 
taken from core location T6, and T6-4 was the fourth sediment sample from the surface (i.e. fourth 
segment down from the sediment surface) taken from the same location.  Field notes identified the depth 
intervals and sample thickness for each sample.   
 

Sediment samples were extruded vertically upward through the cores using a 4.5-cm-diameter 
rubber gasket connected to a metal dowel, which was used to push each sediment core from the bottom 
through the top of each Lexan™ tube.  The water column was pushed over the top of the core tube and 
discarded until the sediment-water interface reached the top of the tube.  Then the sediment core was 
extruded in 5-cm increments, each of which was collected in 8-oz glass sample jars.  
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2.1.2  Field Measurements of the Sediment Cores.  Field measurements such as dissolved oxygen 
(DO) concentration or oxidation reduction potential (ORP) were not taken because it was not possible to 
obtain porewater samples for these analyses.   
 
2.1.3  Sampling Equipment Decontamination.  All sampling equipment was decontaminated before 
arrival at the site.  Following the collection, inspection, and segmentation of a sediment core, the 
sampling equipment underwent a decontamination process if it was to be used for additional sampling.  
The bulk of any sediment material adhering to the coring equipment was scraped from the equipment into 
a containment bucket.  The contents of the containment bucket were held for proper disposal.  
 
2.1.4  Water Sample for Lake Hartwell.  Lake water from LH was collected for partitioning 
experiments using glass containers.  Five gallons of water were collected from an area of relatively low 
contamination for partitioning studies along the Seneca River tributary.  An additional grab sample was 
taken from LH to measure background PCB concentrations in the lake.  Water samples were collected 
approximately 25 cm beneath the water surface to minimize the potential of collecting contaminants at the 
water surface.   
 
2.1.5   Field Observations.  The QAPP (Battelle, 1999) recommended using a conventional sand 
pounder or a VC-3.5 vibracore manufactured by PVL Technologies to collect sediment samples.  The 
vibracore sampler was provided and operated by U.S. EPA Region 4 (Athens, GA).  Because of 
mechanical difficulties with the vibracore, a gravity corer was used to collect 5-cm diameter cores from 
the lake and a sand pounder was used to collect upriver samples from areas inaccessible by boat.   

 
The QAPP recommended shaving the side walls of the extruded samples to minimize  

cross-contamination of sediment samples during extrusion.  This approach was not practical in the field.  
Successful cores could not be captured using the vibracore, so triplicate 5-cm diameter Lexan™ tubes 
were used in place of a single 10-cm diameter core for each location.  The smaller Lexan™ tubes proved 
to be superior to the larger cores in successfully collecting sediment cores.  However, the more narrow 
core diameters made removal of sediment core side walls impractical.  Sidewall removal would have 
resulted in significant loss of sediment sample volumes and poor sediment recoveries, which would have 
negatively impacted the PCB, age dating, and partitioning analyses.   

 
Because the cores were extruded beginning at the sediment-water interface, core segment depths 

from each triplicate core could easily be identified and correlated for comparison.  Extruding the first 5 to 
10 cm of the sediment column at the sediment-water interface proved most difficult.  Typically, the 
interface contained light, partially suspended sediments that did not extrude as a uniform mass.  As a 
result, the first segment often required more than 5 cm to collect sufficient sample volumes for analysis.  
After the first 10 cm, the sediment core extruded as a uniform mass, making it easy to collect 5-cm 
diameter disks at 5-cm long intervals.  

 
The QAPP specified measurement of pH, DO, and ORP in the sediment cores.  Measurement of 

these parameters was not practical due to the density of the sediment cores and would have required 
creating a slurry by diluting samples.  Sample dilution and preparation of sediment slurries would have 
negatively impacted all three measurements.  For this reason, these measurements were not taken in situ.  
For future studies, porewater samples could be collected at predetermined depths for pH, DO, and ORP 
analyses.  Porewater samples were not anticipated for this study and, hence, could not be collected.   
 
 Visual inspection proved useful in identifying sand versus silt/clay layers.  Analytical results 
confirmed visual observations when the sand layers were associated with relatively low PCB 
concentrations and the silt/clay layers were associated with relatively high PCB concentrations.   
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2.2  Sediment Age Dating 
 

Battelle-Sequim conducted sediment dating on 10 cores collected from the LH Site.  This 
sediment dating was conducted using lead and/or cesium isotope analyses (210Pb or 137Cs, respectively) as 
described by Koide et al. (1973). 
 
 210Pb and 137Cs isotopes are relatively common in sediments and typically are used to determine 
the age of the sediments over years, decades, or centuries.  This type of dating relies on two simplifying 
assumptions: 1) that the sediments to be aged have a relatively uniform grain distribution with depth and 
2) that the sediments have a relatively constant annual deposition rate.  As much as possible, these 
conditions were confirmed visually during the initial inspection of the sediment cores.  Excess sediment 
core material not used in the actual age-determination process was analyzed for PSD analyses.  The PSD 
results then were used to determine the percentage of clay, silt, sand, and gravel in the sediments and to 
assess the uniformity of the sediment samples.   
 

210Pb and 137Cs analyses were conducted in accordance with the QAPP (Battelle, 1999).  100-g 
aliquots of wet sediment were used for the 137Cs sediment age-dating analysis; approximately 3.0 g of 
sediment were used for the 210Pb analysis.  The wet sediment taken from the core segments and 
homogenized in clean glass or plastic bowls.  The wet sediment was weighed and then freeze-dried (see 
Standard Operating Procedure [SOP] MSL-C-003-00, Appendix D, of the QAPP) to remove moisture 
prior to sample analysis and to permit determination of percent solids.  Approximately 3.0 g of dry 
sediment underwent acid digestion followed by plating onto silver disks for 210Pb analysis using the 
alpha-counting technique described by Koide et al. (1973) (see SOP MSL-M-6, Appendix E, of the 
QAPP).  The remaining sediment was reserved for 137Cs analysis using gamma counting on a Ge-diode 
detector (see SOP MSL-M-008-00, Appendix F, of the QAPP).  These two measurements were used to 
age date sediment samples.  

 
210Pb and 137Cs analytical results and age dating calculations are reported in Appendix B.  

Although all of the sediment core segments were analyzed for 210Pb and 137Cs, cores whose PSD analyses 
showed non-uniform historical sediment deposition could not be age dated.  The 210Pb and 137Cs 
concentration profiles for these cores are reported, but their dates are not.  Based on the observed 
sedimentation patterns, cores T6, I, L, N, and O could be dated, and cores J, P, Q, W7, and T16 could not 
be dated.   

 
 Soil Technology, Inc. (Bainbridge Island, WA) conducted PSD and total organic carbon (TOC) 
analyses for three to five discrete sediment samples per core in support of the age-dating analysis.  PSD 
was determined according to American Society for Testing and Materials (ASTM) D 422-Standard 
Method for Particle-Size Analysis of Soils.  Data were reported as weight percentages of gravel (>2 mm 
diameter), sand (2 mm-0.0625 mm diameter), silt (0.0625mm-4 µm diameter), and clay (<2 µm 
diameter).  TOC was determined according to U.S. EPA Method 9060-Total Organic Carbon.  Results 
are included in Appendix B of this document. 
 
2.3  PCB Analyses 
 
 Sediment samples obtained during Task 1 were prepared for PCB chemical analysis and 
partitioning according to modified U.S. EPA SW-846 Methods 3550, 3611, and 3660.  The Battelle SOP 
5-190-05 (Tissue and Sediment Extraction for Trace Level Semi-Volatile Organic Contaminant Analysis) 
for this extraction method is found in Appendix B of the QAPP (Battelle, 1999).  This method and any 
modifications are briefly described in the following paragraphs.   
 

 11



 

 Approximately 50 g (wet weight) of the homogenized sediment samples were collected for 
solvent extraction and dry-weight determination (Battelle, 1999).  The appropriate concentrations of 
surrogate internal standards (SIS) were added to the samples to allow accurate measurement of target 
organic compounds.  The SIS compounds were PCB 14, PCB 34, PCB 103, and PCB 112.  
 
 Anhydrous sodium sulfate was added to absorb water from the samples and facilitate the extraction 
with an organic solvent.  Additionally, activated copper was added to sediment samples in order to complex 
any sulfur that may have been present in the samples.  The sediment homogenates were shaken/tumbled for 
a minimum of 12 hours with 100 mL of hexane.  The sample/solvent was centrifuged, and then the solvent 
was decanted into pre-cleaned, labeled, Erlenmeyer flasks.  The same sediment underwent a second 100-mL 
solvent extraction and was shaken/tumbled for a period of at least 1 hour.  A third and final 100 mL of 
extraction was conducted for another 1-hour shake/tumble period.  The three extracts were combined 
filtered and dried through glass fiber filters containing sodium sulfate.  The filtered/dried extracts were 
reduced to final sample volumes of 1 mL by using a Kuderna-Danish (K-D) concentration and nitrogen 
evaporation (N-Evap) techniques.  
 
 An aliquot of the concentrated extract was weighed and processed through a 20-g alumina (2% 
deactivated F20) column to obtain a moderately purified PCB extract.  The PCB fraction was eluted from 
the alumina column with 100 ml of hexane and concentrated to 1 mL using the K-D and N-Evap 
techniques described above.   
 

The concentrated extracts were treated once again with activated granular copper to complex any 
remaining sulfur.  Final extracts were spiked with appropriate concentrations of recovery internal standard 
(RIS) containing PCB 103, PCB 104, and PCB 166.  
 
 The following quality control samples were processed along with each batch of sediment 
samples: 
 

1 laboratory control sample (LCS) 
1 procedural blank (PB) 
1 duplicate (DUP) 
1 matrix spike (MS). 

 
 Splits of the sediment extracts were analyzed for the concentration of 107 PCB analytes using a 
modified version of U.S. EPA SW-846 Method 8270.  This method employed high-resolution capillary 
gas chromatography with mass spectrometry (GC/MS).  The analytical system was comprised of a 
Hewlett Packard (HP) 5890 gas chromatograph (GC), equipped with an electronic pressure controlled 
(EPC) inlet and an HP 5972 mass selective detector (MSD) operating in the selected ion monitoring 
(SIM) mode.  A minimum five-point response factor calibration was run with analyte concentrations in 
the standard solutions ranging from approximately 0.01 ng/µL to approximately 10 ng/µL.  The samples 
were bracketed by passing standard checks analyzed no less frequently than every 10 samples and at the 
completion of each sequence.  
 
 Total PCB concentrations were determined as the sum of the individual PCB congeners.  The 107 
target analytes are listed in Table 2-2 according to International Union of Pure and Applied Chemistry 
(IUPAC) number.  PCB congener names associated with the IUPAC numbers are provided in Appendix 
C.  The available method detection limits (MDLs) for the PCB congeners in sediment and aqueous 
matrixes were identified in the QAPP (Battelle, 1999) and are shown in Appendix D of this document 
along with a quality assurance/quality control (QA/QC) summary of the data.  The IUPAC numbering 
system and nomenclature for PCBs are used throughout this document, particularly in figures where space 
does not permit printing congener names.   
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Table 2-2.  Target PCB Congeners Based on IUPAC(a) Nomenclature 
 

IUPAC No. Number of 
Chlorines IUPAC No. Number of 

Chlorines IUPAC No. Number of 
Chlorines 

1 1 66 4 151 6 
3 1 70/76 4 153 6 

4/10 2 74 4 156 6 
6 2 82 5 158 6 

7/9 2 83 5 167 6 
8/5(c) 2 84 5 169 6 
12/13 2 85(b) 5 170/190 7 
16/32 3 87/115/81 5 171/202 7 
17/15 3 89 5 172 7 

18 3 91 5 173 7 
19 3 92 5 174 7 
21 3 95 5 175 7 
22 3 97 5 176 7 

24/27 3 99 5 177 7 
25 3 100 5 178 7 
26 3 101/90 5 180 7 
28 3 105 5 183 7 
29 3 107/147 5 184 7 
31 3 110/77 5 185 7 

33/20 3 114(b) 5 187/182 7 
40 4 118 5 189 7 

41/64/71 4 119 5 191 7 
42/37 4 124 5 193 7 

43 4 128 6 194 8 
44 4 129/126 6 195/208 8 
45 4 130 6 197 8 
46 4 131 6 198 8 

47/75 4 132 6 199 8 
48 4 134 6 200 8 
49 4 135/144 6 201/157 8 
51 4 136 6 203/196 8 
52 4 137 6 205 8 
53 4 138/160/163 6 206 9 

56/60 4 141/179 6 207 9 
59 4 146 6 209 10 
63 4 149/123 6 — — 

(a) All congeners numbers are listed using the IUPAC nomenclature for PCB congeners.  Coeluting 
congeners are listed in order of abundance in Aroclors 1242/1248/1254 (most abundant listed first).  
The most abundant single congener was used to calibrate the instrument for the coeluting congener 
sets.  IUPAC congener names are identified by number in Appendix C.  

(b) The pesticide 4,4-DDD coelutes with congener 114, and the pesticide 4,4-DDE coelutes with congener 
85. 

(c) The 18 bolded congeners are the National Oceanic and Atmospheric Administration (NOAA) National 
Status and Trends (NS&T) and U.S. EPA Environmental Monitoring and Assessment Program 
(EMAP) PCB congeners. 
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 The moisture content of each sediment sample was determined by analytical extractions using a 
modified version of ASTM Method D 2216.  The method is modified as follows: for each sediment 
sample, approximately 5-10 g sediment were placed in pre-weighed, aluminum weighing pans.  The 
weights were recorded (initial weight), and the pans were placed in a drying oven at 110±5°C.  The 
samples were dried to constant weight (overnight), cooled in a desiccator for at least 30 minutes, and 
weighed (dry weight).  The sediment moisture content was calculated as [1 - (dry wt/initial wt)] × 100%.  
The percent dry weight was calculated as (dry wt/initial wt) × 100%. 
 

The laboratory-reported PCB concentrations for each extracted sediment sample are provided in 
Appendix E.  Histograms are based on normalized PCB concentrations to total PCB concentrations; PCB 
congeners are plotted as percent total PCBs.   

 
2.4  PCB Partitioning  
 

Vertical PCB advection and diffusion are controlled by the chemical properties of individual PCB 
compounds (e.g., their solubilities, diffusivities, and octanol-water partition coefficients) and by the 
capacity of the PCBs to adsorb to the sediment.  Sorption onto sediments is controlled by the hydrophobic 
nature of the chemical, which is indicated by the octanol-water partition coefficient and by the amount of 
organic matter in the sediments, which is represented by the sediment TOC.  PCB sorption experiments 
with LH sediments and water were conducted to compare the sorption of PCBs onto these specific 
sediments with literature-reported sorption coefficients.  

 
Sediment segments were shipped to Battelle for partitioning studies.  Partitioning studies were 

conducted after sediment PCB concentration profiles were determined, so a predefined PCB concentration 
range could be targeted for the partitioning study; samples were frozen until use.  Table 2-3 shows the 
sediment core intervals used for the PCB partitioning studies, along with target PCB concentrations based 
on the PCB characterization work described above.   

 
Sediments for Bottles 1 through 8 (Table 2-3) were selected to represent, as much as possible, a 

linear range of PCB contamination from 1.0 to 85 mg/kg total PCBs (t-PCB).  The selected sediment core 
segments were thawed at room temperature; placed into a clean glass or stainless steel container, and 
homogenized by manual stirring.  The homogenized sediments were analyzed for PCBs congeners and TOC 
to establish baseline PCB and TOC loadings for the study.  Sediments for Bottles 9-20 were selected for the 
mid-range PCB concentration and were used for time-dependent desorption studies.  

 
 

Table 2-3.  Sediment Core Segments Used for PCB Partitioning Studies 
 

Partitioning 
Experimental 

Bottle No. 

Sample 
Identification 

Number 

Sediment Core 
Segment 

Target t-PCB 
Concentration 

(mg/kg) 
1 SLN-O 1 1 
2 SLN-I 3 5 
3 SLN-L 4 10 
4 SLN-W7 6 25 
5 SLN-W7 6 (Duplicate) 25 
6 SLN-N 4 50 
7 SLN-T16 17 85 
8 Sand (Control) Sand (Control) – 

9-20 
SLN-L 
SLN-N 

SLN-W7 

5, 6, and 9 
3 
11 

23 
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Eight 250-mL Teflon™ bottles (Bottles 1-8) contained approximately 50 g of sediment (wet weight 
basis) plus approximately 200 mL of filtered (glass fiber) LH water.  The bottles were placed on a 
temperature-controlled shaker table (Adjustable Reciprocating Orbital Shaker [AROS] 160 inside a 
Precision Mechanical Convection Incubator), operated at 200 revolutions per minute (rpm), and maintained 
at a temperature of 10°C.  All 8 bottles were shaken at the same time.  Samples were protected from light 
while they were on the shaker table.  Sediment cultures were not killed.   
 

Twelve additional 250-mL bottles (Bottles 9-20) contained sediment and lake water and were 
incubated under the same laboratory conditions as the set of eight bottles described above.  The mid-range 
PCB concentration sediment was used in this set of 250-mL bottles, with 50 g of sediment and 200 mL of 
lake water.  Pairs of bottles were sacrificed after each of 2, 4, 6, 8, 10, and 12 weeks of incubation.  The 
pH of the aqueous matrix was measured using a pH probe and meter that was calibrated against pH 4.0, 
7.0, and 10.0 standards on the days of use.  The aqueous samples were centrifuged at 3,000 rpm for 1 
hour and frozen until they were analyzed for PCB concentrations; sediment PCB concentrations were not 
determined for this portion of the experiment.  All aqueous samples and the original eight bottles were 
analyzed after the 12-week incubation period.1  The aqueous samples were used to determine how close 
the bottles approached sorption equilibrium.  
 

When Bottles 1-8 were harvested, pH readings of the lake water in each bottle were made using a 
pH probe and meter on the day the bottles were sacrificed.  Sacrificed bottles were centrifuged up to 3 
hours, or until fines were visually removed from suspension; filtration was not practical due to the 
potential for PCB sorption onto filter media.  Aqueous and sediment samples were maintained at 4°C 
until analyzed for PCB concentrations.  A parallel set of samples was sent to Soil Technology 
(Bainbridge, WA) for TOC analysis.  Total solids/total volatile solids (TS/TVS) analyses were conducted 
at BCO using American Public Health Methods 2540B and 2540E (Eaton et al., 1995).  

                                                 
1 Freezing aqueous samples for more than 2 weeks exceeds the criterion that samples be extracted within 2 weeks of collection 

for organic analyses.  However, the ability to extract and analyze samples simultaneously significantly reduced analytical costs 
for this task.  The aqueous concentration over time was a non-critical data parameter and is used solely to identify the extent to 
which sorption equilibrium was achieved.  Consequently, freezing samples was not expected to negatively impact the overall 
experimental results.  
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3.0  EXPERIMENTAL OBSERVATIONS 
 
 

 This section describes the experimental results of the PCB, 210Pb, and 137Cs analyses and age-
dating and partitioning studies.  A detailed analysis of contaminant sources and the extent of PCB 
weathering are presented.  Age dating correlated the vertical contaminant profiles with specific ages and 
provided an estimate for the sedimentation rates in the areas sampled at LH.  PCB partitioning results 
were used to identify the potential for PCB desorption from contaminated sediments.   
 
3.1  PCB Concentration Profiles  
 
 Sediment core segments were analyzed for PCB concentrations; t-PCB concentrations were 
determined by the sum of the congener-specific concentrations for each core segment.  Figures 3-1 
through 3-10 present t-PCB concentration profiles with depth plotted for Cores T16, W7, Q, P, O, N, L, J, 
I, and T6, respectively.  The cores are presented in order of their appearance beginning with the 
upgradient-most core (i.e., Core T16).  Sediment age dates are shown with the cores for which sediment 
age could be measured and calculated.  Age dating analysis is discussed in Section 5.0.   
 

The most upgradient transects (T16, W7, Q, and P) were impacted significantly by sediment built 
up in the headwaters of LH from the historical sediment releases from the upgradient impoundments.  As 
expected, the highest PCB concentrations were associated with silt/clay layers, whereas sand layers 
contained very low PCB concentrations.  The historical sediment releases resulted in substantial burial of 
PCB-contaminated sediment in the vicinity of these four cores.  Table 3-1 shows the depth of the surface 
sediment layers in the four upgradient cores and the range of corresponding t-PCB concentrations 
measured in the sand layers.  The t-PCB concentrations measured in the surface 10 cm also are provided.  
Although maximum t-PCB concentrations in the cores exceeded the 1 mg/kg sediment cleanup goal for 
LH (U.S. EPA, 1994), all four transect cores contained less than 1 mg/kg total PCBs in the surface 25 to 
91 cm.   
 
 

Table 3-1.  Surface Sediment t-PCB Concentrations and Maximum  
t-PCB in Upgradient Cores 

 

Core 
Surface 

Sand Layer 
Depth (cm) 

t-PCB 
Concentration 
Range (µg/kg) 

Surface 0-10 cm  
t-PCB Concentration 

(µg/kg) 

Maximum Core  
t-PCB Concentration 

(µg/kg) 
T16 0-65 14-90 24 88,700 
W7 0-91 24-977 977  21,700 
Q 0-25 76-92 76 8,710 
P 0-80 66-923 66  138,000 
 
 
Cores O, N, L, J, I, and T6 consisted primarily of silt and were not noticeably impacted by the 

release of silt and sand from the impoundments.  Of the six downgradient cores, only Cores L and T6 
fully penetrated the PCB-contaminated sediments and show a complete profile of PCB concentration 
(Figures 3-5 through 3-10).  These cores exhibited more typical vertical PCB concentration profiles, 
beginning with relatively low PCB concentrations at the sediment-water interface and increasing in 
concentration with depth until maximum PCB concentrations were measured near the middle of the cores.  
The maximum PCB concentrations were followed by progressively decreasing concentrations with depth 
until concentrations were below detection.  The result was an inverted bell-shaped curve:  the deepest  
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Figure 3-1.  t-PCB Vertical Concentration Profile in Upgradient Core T16 
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Figure 3-2.  t-PCB Vertical Concentration Profile in Upgradient Core W7 
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Figure 3-3.  t-PCB Vertical Concentration Profile in Upgradient Core Q 
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Figure 3-4.  t-PCB Vertical Concentration Profile in Upgradient Core P 
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Figure 3-5.  t-PCB Vertical Concentration Profile in Downgradient Core O 
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Figure 3-6.  t-PCB Vertical Concentration Profile in Downgradient Core N 
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Figure 3-7.  t-PCB Vertical Concentration Profile in Downgradient Core L 
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Figure 3-9.  t-PCB Vertical Concentration Profile in Downgradient Core I 
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Figure 3-10.  t-PCB Vertical Concentration Profile in Downgradient Core T6 
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portions of these cores where PCB concentrations were near or below detection reflect a historical period before 
the onset of PCB use at the Sangamo-Weston plant and the subsequent release of PCBs into the 
environment.  The sediments containing the maximum PCB concentrations are associated with the perio
of maximum PCB release into the lake. 
 

d 

Cores O, N, and I exhibited similar t-PCB concentration profiles in which surface sediments at 
the sedi  

 

on of 1.0 mg/kg; the maximum 
rface sediment t-PCB concentration was measured at Transect L at 1.58 mg/kg and the minimum 
easured surface sediment concentration was measured at Transect I at 0.86 mg/kg.   

 
 

Table 3-2.  S CB in 
grad ent Co

 
nc

ment-water interface had relatively low t-PCB concentrations and concentrations increased with
increasing depth.  However, because these cores did not fully penetrate the PCB-contaminated sediments, 
maximum t-PCB concentrations were measured at or near the bottom of the cores, and a subsequent 
decrease to non-detect concentrations with depth was not observed.  Core J was only 27 cm long and was 
confined to the surface-most sediments of relatively low t-PCB concentrations, less than 2 mg/kg.   
 
3.2 Surface Sediment Recovery Rates 

 
An evaluation of surface sediment recovery rates was made to determine how quickly surface 

sediment t-PCB concentrations are approaching the 1.0 mg/kg sediment cleanup goal.  
 
Table 3-2 shows t-PCB concentrations in surface sediments and maximum t-PCB concentrations

measured in the six downgradient cores (Cores O, N, L, J, I, and T6).  In five of the six cores, t-PCB 
surface sediment concentrations decreased significantly with increasing sedimentation; Core J was an 
exception to this observation.  The surface 15 cm of each core also showed decreasing t-PCB 
concentrations with sedimentation approaching the target concentrati
su
m

urface Sediment t-PCB Concentrations and Maximum t-P
Down

t-PCB Co

i res 

entration (mg/kg) 
Core Surfa

0-5 cm
ce  

 10-15 c a imu
Concentratio5-10 cm m M x m Core 

n  
 O 1.38  2.21 31.9 (35-40 cm) 1.62
 N 1.50  1.43 51.1 (35-40 cm) 1.81
 L 1.58  3.50 48.7 (35-40 cm) 2.12
 J(a) 1.45 38 —(b)1.09 1.
 I 0.86(c) 1.70 44.4 (55-60 cm) 
 T 930 8.92 17.4 (15-20 cm) 6 0. 2.55 

(a) The surface Core J extruded intervals spanned 0-6 cm, 6-11 cm, and 11-16 cm.  

 
con g/kg, sediment concentrations g/kg) were plotted against sediment depth for the 
six downgradient cores (Figure 3-11).  Mid-point depths of each sediment segment or interval were used 
for depth, plotted on the y-axes.  For each core, except for Core J, a logarithmic model was fit to the data; 
each figure illustrates the best-fit logarithmic curve, corresponding equation, and correlation coefficient 
(r2).  Using these equations, the sedimentation depth required to achieve a surface sediment concentration 
of 1.0 mg/kg could be determined by setting the t-PCB value (i.e., x-value) to 1.0.  Table 3-3 shows the 
predicted sediment mid-point depth for a 5-cm surface sediment interval to achieve 1.0 mg/kg t-PCB.   

(b) Core J extended only to a depth of 27 cm where peak t-PCB concentrations were not seen.  The t-PCB 
core concentration was 1.45 mg/kg at the 0-6 cm interval.   

(c) The surface Core I interval spanned 0-10 cm.  
 
 
To determine how quickly surface contaminant concentrations are approaching the target t-PCB

centration of 1.0 m (m
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Figure 3-11.  Depths (cm) of Mid-Depth Intervals Plotted Against t-PCB 
Concentrations (mg/kg), for Downgradient Cores 

 
 
This analysis suggests that an additional 2.8 and 3.4 cm of sedimentation would be required in Cores O and L, 
respectively, to achieve a 1.0 mg/kg concentration in the surface 5 cm.  Not surprisingly, Cores I and T6, which 
have already achieved the target 1.0 mg/kg concentration, did not require additional sedimentation.  Core N 
was an exception to the regression approach.  All second order equations for Core N indicated that surface 
sediment concentrations were at or below 1 mg/kg in the upper 5 cm.  However, data collected for Core N 
showed that the upper 5 cm PCB concentration was 1.58 mg/kg.  In lieu of using a second order equation, 
a linear regression of the data in the upper 20 cm of Core N was used to estimate the sedimentation 
requirements for this core for the 1.0 mg/kg t-PCB concentration goal.  The linear regression shown in 
Figure 3-11 resulted in a required sedimentation of 7.3 cm.  Lastly, this analysis could not be used for 
Core J, due to the fact that no change in concentrations were observed in Core J. 
 

The accuracy of this analysis depends on the quality of the data and the thickness of the cored 
sediment segments.  For this study, the cores were extruded in 5-cm intervals.  Narrower intervals would 
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hav he 
ost of increased sample frequency and the ability to extrude narrower cores, particularly at the sediment-
ater interface, where coring proved most difficult.  Furthermore, the analysis assumed that surface t-

PCB co

 is in place for LH, but a more stringent future goals of 0.4 mg/kg t-PCB 
nd 0.05 mg/kg t-PCB also were considered.  The amount of time required to reach these treatment goals 

for each

(a)
entation to 

(b)
Sedimentation to 

(c)

e provided more precise results.  However, the thickness of the intervals had to be weighed against t
c
w

ncentrations approach zero asymptotically.  Mechanisms that influence the rate of surface 
sediment PCB concentration reductions include the rate of sedimentation, the PCB concentration on 
particles that continue to be transported and deposited on sediment surfaces, and the amount of mixing in 
the benthic layer of the surface sediments.  More rapid sedimentation and cleaner sediments would 
enhance the rate of recovery, whereas increased benthic mixing would retard the rate of recovery.  If 
necessary, the same analysis could be done on a congener-specific basis to predict the rate of decline of 
specific target PCB congeners.  A congener-specific analysis was not conducted for this study.  A     
1 mg/kg t-PCB treatment goal
a

 core is discussed with the age-dating results in Section 5.0. 
 
 

Table 3-3.  Mid-Point Elevations and Required Sedimentations to Achieve the  
1.0 mg/kg t-PCB Surface Sediment Concentration Goal 

 
Midpoint 

Elevation when 
Required 

Sedimentation to 
Required 

Sedim
Required 

Core 
t-PCB is 

1.0 mg/kg (cm) 
Achieve 1 mg/kg  

t-PCB (cm) 
Achieve 0.4 mg/kg  

t-PCB (cm) 
Achieve 0.05 mg/kg  

t-PCB (cm) 
 O 0.25 2.8 16 45 
 N 2.5 7.3 7.8 29 
 L 0.88 3.4 12 33 
 I 6.0(d) 0 11 42 
 T6 3.0(d) 0 3.5 13 
Avg. -1.1 ± 3.4  2.7 ± 3.0 10 ± 4.7 32 ± 13 
(a) ROD Surface sediment cleanup goal (U.S. EPA, 1994).  
(b) Mean value for site-specific sediment quality criteria calculated using the U.S. EPA’s equilibrium partitioning 

approach (U.S. EPA, 1994). 
(c) Effects range-low from NOAA, based on an evaluation of published criteria associated with biological effects 

on aquatic life (U.S. EPA, 1994).  
(d) Negative values imply that the mid-point elevation for a 1 mg/kg 5-cm sediment occurs beneath the existing 

sediment surface. 
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4.0  PCB COMPOSITIONAL CHANGES IN HISTORICALLY-DEPOSITED SEDIMENTS 
 
 

The PCB composition (i.e., the relative concentrations of PCB congeners) was investi
each sample, in addition to the assessment of t-PCB concentrations.  The composition was studied based
on PCB homologue (i.e., level of chlorination) data and using individual PCB congener data.  Data ta
in Appendix E include total PCB, PCB homologue, and individual PCB congener concentration dat
each field sample used in the analysis discussed in this section.  Appendix F includes PCB congener plot
and Appendix G present homologue plots for each sample collected at LH, based on the data reported in 
Appendix E.  PCB congener plots have been normalized to t-PCB concentrations for each sample and are 
presented as percent t-PCB.   
 

gated for 
 

bles 
a for 

s, 

PCB congeners are distinguished by the number and position of the chlorine atoms on the 
biphenyl molecule (Figure 4-1); a PCB congener can have from one to ten chlorine atoms, and there are a 
total of 209 possible PCB congeners.  Each Aroclor formulation is a mixture of approximately 50 
different PCB congeners.  Most environmental PCB contamination, which includes congeners resulting 
from environmental transformations, can be characterized by a little more than 100 well-selected 
congeners, while the remaining 100 or so “theoretically possible” congeners typically are not detected in 
the environment.  The 107 PCB congeners quantified for this project typically comprise approximately 
98% - 99% of the total PCBs in most environmental samples.   
 
 There are ten PCB homologous series associated with the level of biphenyl chlorination, ranging 
from monochlorobiphenyls, which contain a single chlorine atom, to decachlorobiphenyl, which contains 
ten chlorine atoms, one each on the 10 available positions on the biphenyl molecule.  The PCB 
homologue concentrations were determined by calculating the sum of the concentrations of the individual 
PCB congeners for each of the ten levels of chlorination.   
 
 

 
Figure 4-1 e Positions 

ps 

ere 

ts 

samples.  

ClCl

ClCl Cl Cl

Cl

ClCl

Cl

3''2

5'

4'

23

4

'65 6

.  PCB Molecule Showing Possible Chlorin
 
 

The PCB composition of the field samples was studied to determine characteristic relationshi
attributable to factors such as the sampling location in the lake or creek (horizontal profile), sample depth 
(vertical profile), and the age of the sample determined through age dating.  The PCB compositions w
compared to known Aroclor formulations to examine the extent of PCB weathering and, if possible, to 
identify the source of contamination.  However, direct comparison with Aroclor formulations was 
recognized to be of limited value considering the significant age of most of the measured contaminan
and the associated weathering and other transformation mechanisms that appear to have affected the PCB 
composition of the 
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4.1   PCB Composition by Homologue Distribution (Level of Chlorination)  
 

Figure 4-2 illustrates examples of two PCB homologue distributions observed in this study that 
were taken fro ost sediment 
egment from Core L (Figure 4-2a) and from sediment segment 8, located at the 35-40 cm depth interval 
 Core L (Figure 4-2b).  Appendix G includes similar homologue plots for sediment segment for all 10 

 beginning with the upgradient-most core, and 
y depth beginning at the surface-most core segment for each core.  Appendix G also includes PCB 

homolo 8, 

 

whe
How
hom
sed
dep
com
the 
con
 

cor
in F

 
m Core L.  The figures show the PCB homologue distribution in the surface-m

s
in
cores.  The plots in Appendix G are organized by location
b

gue plots for the nine primary PCB Aroclor formulations (Aroclors 1016, 1221, 1232, 1242, 124
1254, 1260, 1262, and 1268).  
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e 
le compared to more than 6% in the 35-40 cm sample.  

At first glance, a relationship appears to exist between the level of chlorination and concentration, 
re samples with the highest concentrations typically are dominated by less chlorinated biphenyls.  
ever, it is unlikely that the overall PCB input into the lake solely contributed to the observed 
ologue distributions.  The higher overall PCB concentrations are primarily found in the deeper 

iments and are dominated by di- and trichlorobiphenyls.  These higher concentration sediments were 
osited approximately 20-25 years ago and are likely to have been subject to significant PCB 
positional changes over this time.  Because the PCB homologue data alone are insufficient to assess 
extent of PCB weathering, PCB compositional changes are evaluated in more detail below using 
gener-specific data. 

Figure 4-3 summarizes surface sediment homologue distributions determined from the second 
e segment of each of the 10 sediment cores.  The four upgradient cores (P, Q, W7, and T16) are shown 
igure 4-3a, and the six downgradient cores (Cores O, N, L, J, I, and T6) are presented in Figure 4-3b.  

(a)  Segment 1 at the sediment-water 
interface. 

 (b)  Segment 8 taken from the 35-40 cm 
interval. 

Figure 4-2.  PCB Homologue Distributions in Two Core L Segments 
 

The relative concentrations of the PCB homologues shifted towards the less chlorinated 
geners with sediment depth and with the age of the deposited sediments.  Tetrachlorobiphenyl 
geners dominated the surface sample, whereas the 35-40 cm segment was dominated by bi- and 
hlorobiphenyl congeners.  Monochlorobiphenyl comprised less than 1% of the total PCB in the surfac
iment samp
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There was surprisingly little difference in PCB homologue distributions along the lake; the upgradient 
locations had distributions and trends that were similar to the downgradient locations when measured 
from sediment samples closest to the surface (the most recently deposited sediments).  In each of the 
surface sediment samples, tetrachlorobiphenyls were most abundant, followed by the tri- and 
pentachlorobiphenyls, then by di- and hexachlorobiphenyls, and mono and heptachlorobiphenyls; thus, 
the tetrachlorobiphenyl was generally the center of a near bell-shaped homologue distribution plot.  
Figure 4-4 shows homologue distributions for Aroclors 1016, 1242, and 1254, each of which were 
reported to have been used at the Sangamo-Weston facility and released into the environment.  Aroclor 
1016 is dominated by trichlorobiphenyls, Aroclor 1242 is dominated by tri- and tetrachlorobiphenyls, and 
Aroclor 1254 by penta- and hexachlorobiphenyls.  Thus, it is conceivable that a mixture of these Aroclors 
could result in the homologue distributions shown in Figure 4-3, which are dominated by tri-, tetra-, and 
pentachlorobiphenyl congeners.  
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pentachlorobiphenyls, then by di- and hexachlorobiphenyls, and mono and heptachlorobiphenyls; thus, 
the tetrachlorobiphenyl was generally the center of a near bell-shaped homologue distribution plot.  
Figure 4-4 shows homologue distributions for Aroclors 1016, 1242, and 1254, each of which were 
reported to have been used at the Sangamo-Weston facility and released into the environment.  Aroclor 
1016 is dominated by trichlorobiphenyls, Aroclor 1242 is dominated by tri- and tetrachlorobiphenyls, and 
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pentachlorobiphenyl congeners.  
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 (a)  Upgradient Cores  (b)  Downgradient Cores 
 

Figure 4-3.  Surface Sediment PCB Homologue Distributions Taken from the 
Second Sediment Segment of Each Core  

 
 

The PCB homologue distributions of the subsurface sediments were dominated at shallower 
depths by tetrachlorobiphenyls.  At greater depths, samples became increasingly dominated by mono-, di-
, and trichlorobiphenyls.  The homologue distributions of these deeper, high concentration, sediment 
samples were so dominated by the di- and trichlorobiphenyls, with a clear presence of PCB homologues 
up to heptachlorobiphenyls (see Appendix G), that they could not be linked to unique Aroclors as primary 
sources.  It is likely that the PCB patterns in these deeper sediments are the results of environmental 
transformation processes, possibly of Aroclor mixtures similar to those currently being deposited with the 
surface sediment.  
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 (a)  Upgradient Cores  (b)  Downgradient Cores 
 

Figure 4-3.  Surface Sediment PCB Homologue Distributions Taken from the 
Second Sediment Segment of Each Core  

 
 

The PCB homologue distributions of the subsurface sediments were dominated at shallower 
depths by tetrachlorobiphenyls.  At greater depths, samples became increasingly dominated by mono-, di-
, and trichlorobiphenyls.  The homologue distributions of these deeper, high concentration, sediment 
samples were so dominated by the di- and trichlorobiphenyls, with a clear presence of PCB homologues 
up to heptachlorobiphenyls (see Appendix G), that they could not be linked to unique Aroclors as primary 
sources.  It is likely that the PCB patterns in these deeper sediments are the results of environmental 
transformation processes, possibly of Aroclor mixtures similar to those currently being deposited with the 
surface sediment.  
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Figure 4-4.  Homologue Distributions for Aroclors 1016, 1242, and 1254 

 
 
4.2   PCB Composition by Congener Distribution  
 

Co parison of the distribution of all measured PCB congeners (i.e., not just homologues) can 
ore detailed comparison of PCB distributions in surface and buried sediments.  Figure 4-5 
istribution of Core L segments 1 and 8 (the homologues of these samples were shown in 

and the relative differences in congener distributions between these samples; congener 
 are presented as relative concentrations (percent t-PCB) of the 107 measured congeners.  
 shows similar congener distribution plots for each of the core samples, organized by locatio
 body (from upgradient to downgradient) and by depth (from surface to deeper intervals).  

lso includes PCB congener distribution plots for the nine primary Aroclor form

m
provide a m
depicts the d
Figure 4-2) 
distributions
Appendix F n 
in the water
Appendix F a ulations. 

r
respectively
Core L segm
ominated by lower chlorinated congen the deposited 
edimen  w ss 

(> 45%)  
accumulatio
mono-, di-, 
 

he e accumulation of primarily 
ortho-ch  

n 
 

 
Co e L segments 1 and 8 are typical of surface and deeper sediment congener distributions, 

.  Table 4-1 summarizes some of the more significant congener distribution shifts between 
ents 1 and 8, shown in Figure 4-5.  The PCB congener composition became increasingly 

ers with sediment depth and corresponding age of d
s ts, hich is consistent with changes observed in the homologue composition.  A significant lo

 of tetra-, penta-, and hexachlorobiphenyl congeners occurred at greater depth, as did an 
n of  
and trichlorobiphenyls.   

 shift from higher to lower chlorinated congeners resulted in thT
lorinated biphenyls, particularly 2,2′- and 2,6-dichlorobiphenyls, both of which have chlorines

only in ortho positions; these two congeners evidenced a combined 29% increase.  The only 
monochlorobiphenyl congener to have had a measurable increase was 2-chlorobiphenyl (PCB 1), also a
ortho-chlorinated congener.  PCB 1 was detected at relatively high concentrations in many of the deeper
sediment samples that also had high overall PCB concentrations; in a number of those samples, PCB 1 
comprised more than 5% of the t-PCB concentration.  PCB 4/10 was the most abundant congener in 
almost all sediments except the most shallow ones; PCB 4/10 alone constituted more than 25% of the t-
PCB in many of the samples, and as much as 44% of the t-PCB in a few samples (i.e., Core P, segments 
8, 9, and 10).  
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Figure 4-5.  Congener Histograms from Core L at a) the 0-5 cm Interval, b) the 35-40 cm 

Interval, and c) the Relative Difference Between the 35-40 cm and 0-5 cm Intervals 
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Table 4-1.  Major Congener Shifts Observed Between Core Segments L-1 and L-8 
 

IUPAC No. Congener Name Percent Change 
PCB 1 2-chlorobiphenyl 4.4 
PCB 4/10 2,2'/2,6-dichlorobiphenyls 29 
PCB 8/5 2,4'/2,3-dichlorobiphenyls 5.8 
PCB 16/32 2,2',3/2,4',6-trichlorobiphenyls 5.8 
PCB 19 2,2',6-trichlorobiphenyl 8.4 
PCB 24/27 2,3,6/2,3',6-trichlorobiphenyls 2.5 

PCB 66 through 156 tetra- through hexachlorobiphenyls -45 
(5.3 to 0.03)(a)

(a) The range of percent changes is shown in parentheses. 
 
 

It is important to note that this analysis is based on the assumption the LH sediments have seen a 
hat normalized congener distributions in deeper sediments can be 

ompared directly with those of the more shallow sediments.  It is theoretically possible that the congener 
shifts o  not 

yls 

 4-

nd 0.76% respectively, 
which are significantly less than those measured in Core L, segment 8.   

 rapid 

 

st 
 PCB congener 

istribution centered around higher molecular weight tetrachlorobiphenyls (approximately around PCB 
66), but .  

B 
1/90, 

 

consistent PCB source historically, so t
c

bserved between deeper and more shallow sediments are due to changes in the PCB source and
due to concentration shifts of individual congeners.  However, the following data do not support this 
possibility, but rather support the initial assumption that a comparison can be made between the deeper 
and more shallow sediments:  

 
• Sangamo-Weston reportedly used three Aroclor compounds, Aroclor 1016, 1242, and 1254; 

Aroclors 1016 and 1242 have relatively high concentrations of lower-chlorinated biphen
compared to Aroclor 1254.  However, Aroclors 1016 and 1242 alone cannot account for the 
high concentrations of mono-, di-, and trichlorobiphenyls, such as those identified in Table
1.  For example, the relative concentrations of PCBs 1, 4/10, 8/5, 16/32, 19, and 24/27 in 
Aroclor 1016 are approximately 0.68%, 3.8%, 8.6%, 6.5%, 1.0%, a

 
• The trend from higher to lower chlorinated congeners is relatively gradual from the more 

shallow to deeper sediments, suggesting that the dechlorination process has occurred over 
time.  If changes in Aroclor use at the Sangamo-Weston plant had occurred, a more
transition from higher to lower chlorinated congeners should be observed.   

 
• Knowledge of PCB dechlorination suggests that the dechlorination of higher chlorinated 

congeners to form lower chlorinated congeners is relatively common in the natural 
environment.  The distribution patterns of the deeper sediments, which are dominated by 
ortho-chlorinated congeners, matches dechlorination patterns reported in the literature, where
the dechlorination of meta- and para-chlorines is preferred.   

 
The PCB congener compositional analysis revealed the same horizontal characteristics as the 

PCB homologue data; most upgradient locations had distributions and trends that were similar to mo
downgradient locations (Appendix F).  The sediments close to the surface had a
d

 with significant contributions of key congeners ranging from di- through hexachlorobiphenyls
Major congeners (each generally comprising between 2 and 6 percent of the total PCB) included the 
dichlorobiphenyl PCB 4/10; the trichlorobiphenyls PCB 16/32 and PCB 19; the tetrachlorobiphenyls PC
41, PCB 47, PCB 49, PCB 52, PCB 66, and PCB 70/76; the pentachlorobiphenyls PCB 95, PCB 10
PCB 110, and PCB 118; and the hexachlorobiphenyls PCB 138/160/163, PCB 149, and PCB 153.  PCB
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110 was typically the most abundant PCB congener in the surface and near-surface sediment samples, 
contributing more than 5% of the total PCBs in many of these sediments.  
 
4.3 PCB Dechlorination Patterns  
 

over 
 

relatively inert to the environmental transformation processes that otherwise 
ccurred in these sediments.   

Dechlorination, the removal of one or more chlorine substitutions on the PCB molecule, is one of 
e mos

F  

 
d therefore were highly susceptible to 

anaerob

mulation of primarily ortho- 
ubstitu

 

As discussed above, congeners that appear to have significantly increased in concentration 
time included PCB 1, PCB 4/10, PCB 8/5, PCB 16/32, PCB 19, and PCB 24/27.  Congeners PCB 18,
PCB 22, PCB 28, PCB 31, PCB 41/64/71, PCB 44, PCB 66, PCB 70/76, PCB 101/90, PCB 110, PCB 
118, PCB 138/160/163, PCB 149, and PCB 153 were among the congeners that appeared to have 
decreased in relative concentration over time in these sediments.  Congeners that had similar relative 
concentrations in these sediments included PCB 17, PCB 49, and PCB 52, which suggests that these 
congeners may have been 
o
 

th t important PCB contamination transformation processes in anaerobic sediments.  In anaerobic 
dechlorination, the chlorines in the meta and para positions are generally most readily removed, and the 
ortho-substituted chlorines are widely recognized as being most resistant to anaerobic dechlorination 
(Figure 4-6).   

 
 

 

orthometa

para

igure 4-6.  Identification of Key Chlorine Substitution Positions on the PCB Molecule
 
 

A review of the molecular structures of the congeners for which a large relative concentration 
decrease was observed (e.g., PCB 22, PCB 28, PCB 33/20, and PCB 44) revealed that these congeners
had two or more chlorines in the meta or para positions, an

ic dechlorination (see structures summarized in Appendices C and H).  On the other hand, the 
congeners for which the greatest relative concentration increase was observed (e.g., PCB 4/10, PCB 19, 
PCB 24/27, PCB 51) had all or most of the chlorines in the ortho position.  Dechlorination transformation 
clearly appears to be occurring in these sediments, with meta- and para- substituted chlorines being 
emoved from various PCB congener molecules, resulting in an accur

s ted congeners. 
 

Figure 4-7 shows changes in the concentration of two characteristic PCB groups, PCB 4/10 (2,2'-
and 2,6-dichlorobiphenyls) and PCB 118 (2,3',4,4',5-pentachlorobiphenyl), relative to t-PCB 
concentrations in Core L.  PCB 4/10 was selected because it exhibited the most abundant increase with 
depth compared to other increasing congeners.  Conversely, PCB 118 exhibited a significant decrease in 
concentration with depth.   
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Figure 4-7.  Ratios of Two PCB Congeners (4/10 and 118) to t-PCB Concentrations 

d 
ncrease in t-PCB concentration.  The samples collected at a depth of 60-75 cm did 

not closely follow this trend, potentially due to unknown environmental conditions that reduced the rate 
of dech d.  

of congeners with all chlorines in the ortho position (e.g., PCB 4,  
CB 10, and PCB 19) results in their relative accumulation in anaerobic sediments.  These three 

congene c
about 20 years ago, compared to less than 5% of the t-PCB in the surface sediments.   
 
4.4   PCB
 

Com tterns in the sediments to Aroclor congener distribution patterns is 
ften part of PCB contamination assessments.  The similarity of the PCB composition in a given sample 

to that of the Aroclor formulation (or mixture of Aroclors) can provide information related to potential 
source(s), the environmental significance of a PCB contamination, and changes that may have occurred 
since PCB/Aroclor  release and deposition into the environment.  It is very rare that a perfect (or even 
close) match between environmental and Aroclor congener compositions is observed, due to the impact of 
weathering processes.  The closest matches are to be expected in samples that correspond to recent 
releases to the environment, and more so for samples located near the original source of contamination.  
However, because the commercial production of PCBs was banned in the United States more than 20 
years ago, recent deposits are unlikely to be found.  Because LH is approximately 15 miles downgradient 
from the Sangamo-Weston plant, deposits near the source were not collected.   

 
Most environmental sediment PCB contamination is the result of multiple sources, including 

atmospheric deposition and runoff, in addition to such point sources as the Sangamo-Weston plant.  LH 
PCBs are likely to be dominated by the Sangamo-Weston point source.  However, as discussed above, the 
PCB makeup of any particular point source may have varied with time (e.g., different Aroclor 
formulations tended to be “in favor” and would be manufactured at different times).  At the Sangamo-
Weston plant, three Aroclors were known to have been used:  Aroclors 1016, 1242, and 1254.  

 

in Core L, Plotted Against Depth 
 
 

The relative concentration of PCB 4/10 clearly increased and that of PCB 118 clearly decrease
with depth, age, and i

lorination.  However, conditions in the deeper sediments (beneath 75 cm) continued the tren
Similar concentration changes were observed for the other downgradient sampling locations and with 
other corresponding lower and higher chlorinated congeners, respectively.  
 

The very slow dechlorination 
P

rs onstitute more than 50% of the total PCB in many of the study sediments that were deposited 
 

 Source Determination  

parison of the PCB pa
o
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Also, even when there is a relatively consistent source, the PCB composition will begin to change 
as soon it enters the environment.  Selective PCB congener alterations tend to occur due to different 
weathering processes.  For example, relatively high solubility, low sorption to organic matter, and high 
volatility will result in the more rapid loss of lower chlorinated (e.g., lower molecular weight) congeners 
in favor of the higher chlorinated congeners.  Conversely, microbial reductive dechlorination processes 
more significantly affect the higher chlorinated congeners.  These processes affect the distribution of PCB 
congeners after their release into the environment, and are relatively unpredictable due to different and 
changing environmental conditions.  Consequently, the PCB congener composition will, with time, 
change substantially from the Aroclor mixtures that were originally released.   
 

Despite these obstacles, a review and analysis of the composition of PCBs relative to Aroclor 
formulations can provide potentially valuable information for and insight into a PCB contamination issue.  
As expected, due to weathering effects, none of the field samples closely resembled the composition of 
known Aroclors.  The PCB composition of the field samples also does not, at first review, closely 
resemble a presumed mixture of the three reported Aroclors (e.g., 1:1 mixture of Aroclors 1016/1242, 
1016/1254, or 1242/1254).  However, the level of chlorination and molecular weight range of the PCB 
congeners in the near-surface sediments suggest a predominance of an Aroclor dominated by mid-
molecular-weight congeners, such as Aroclors 1248 and/or 1254 with contributions of low molecular 
weight congeners such as 1016 and 1242.   

 
It is unlikely that Aroclor 1248 contributed significantly to the PCB contamination in LH, 

because 1248 is dominated by tetrachlorbiphenyl congeners, which would have been expected to be 
present in greater relative abundance in the surface sediment samples.  Specific congeners that would be 

pected at higher concentrations if Aroclor 1248 was an important source material include PCB 44, PCB 
56/6

e result of contributions by Aroclors 1016, 1242, and 1254.  Further evidence for this conclusion is 
rovided in Section 5.0.   

 
4.5   PCA
 
 Prin  analysis (HCA) are data analysis 

ols designed to explore large data sets, focusing on the variability between samples.  Both tools were 
used to e
large and co
characteristi istances 
between sam That 
is, samples that visually “cluster” tend to be chemically similar and vice versa.  Another form of PCA 
utput, factor loading plots, also can be used to determine which individual variables (in this case, PCB 

CA is a useful data analysis 
nd exploration tool.  PCA alone cannot resolve differences and similarities between chemical groups and 

must be  to 

n 
 

Both methods produce graphical depictions of relationships between samples and/or diagnostic 
groups based on pattern recognition.  These exploratory techniques were used to help recognize groups of 

ex
0, and PCB 70/76.  It is more likely that the observed PCB composition in the surface sediments is 

th
p

/HCA Analysis of PCB Concentrations  

cipal component analysis (PCA) and hierarchical cluster
to

inv stigate the PCB data sets for this study.  PCA and HCA algorithms are designed to reduce 
mplex data sets to a suite of principal components (PCs) or clusters comprised of similar 
cs.  PCA output typically consists of two- or three-dimensional PC score plots.  The d
ple points on such plots provide a measure of the chemical similarity between samples.  

o
congeners) are responsible for any visual “clustering” observed.  As such, P
a

 combined with knowledge of a site and, in this case, PCB chemistry and weathering processes
elucidate chemical similarities or differences.   
 

In HCA, distances between pairs of samples (or variables) in a data set are calculated and 
compared using mathematical clustering algorithms.  As with PCA, a relatively small distance betwee
samples implies that the samples are chemically similar, whereas a relatively large distance between
samples implies that samples are chemically dissimilar.  HCA can be performed on either samples or 
diagnostic groups (e.g., PCB congeners or homologues).   
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samples that share similar PCB compositions (i.e., similar relative PCB homologue or PCB congener 
concentrations) and those that have clearly different compositions.  
 

Prior to performing PCA and HCA on the data from this study, the PCB homologue and PCB 
congener data were normalized to the total concentration in each sample in order to eliminate influences 
caused by concentration alone.  The goal of these analyses was to identify differences and similarities 
between samples based on PCB pattern recognition.  Normalized Aroclor data also were included in the 
data set for reference.  In addition to the homologue and full congener set analyses, PCA and HCA were 
run on a data set that included a list of 23 PCB congeners that appeared to be significantly influenced by 
dechlorination, either because of their relative increase or decrease with sediment depth, and on selected 
congeners that were significant in the original Aroclor material and appeared to be relatively resistant to 
dechlorination.  Congeners that were not detected in most/all samples were removed from the data set, as 
were samples that had very low total PCB concentrations (<0.1 ppm).  These data were assumed to be of 
minor significance to the entire data set.  Eliminating these data had no significant impact on the final 
analysis.   

 
PCA and HCA are iterative processes that often require the analysis of a variety of data sets to 

detect noticeable trends.  Selected plots associated with each of the analyses conducted for this study are 
provided in Appendix I.  Included among the PCA and HCA performed on the LH data were analyses 
using three data sets (i.e., level of chlorination, full congener list, and the subset of 23 key congeners) and 
several sample lists (i.e., a full sample list, the four upgradient or six downgradient core samples, and 
selected cores).  The goal was to discern PCB composition similarities and dissimilarities based on factors 
such as the following:  
 

• Horiz n O (stations P, 
Q, W7, and T16) and downgradient locations (stations O, N, L, J, I, and T6) 
 

the 
ree pri

c

 to spread out along a distribution closer to 
d 

ontal distribution of the sites, including locations upgradient from statio

• Vertical profiles by depth and/or age 
 

• Sections containing the highest total PCB concentrations from each core.  
 

Upon review of the data, the most apparent trend was that sample clustering was broadly related 
to depth.  As with the homologue and PCB congener pattern analyses, PCA did not reveal any clear 
relationships based on horizontal distribution (i.e., the location the sediment core was taken).  Using 
th mary data sets and sample lists, PCA indicated that the data tended to cluster by core section 
depth (Figure 4-8).   

 
In the PC factor loading plot shown on Figure 4-9, the samples form a crescent, where the 

shallower core sections cluster at the top of the crescent and the deeper sections cluster at the bottom of 
the cres ent.  Similar clustering patterns were generated from the HCA analysis and for each of the three 
different PCB diagnostic data sets shown in Appendix I.  Additional observations based on the PCA and 
HCA analysis include the following: 
 

• The surface sediment data tended to cluster closest to a mixture of Aroclors 1242 and 1254.  
 
• The intermediate depth sediment data tended

Aroclors 1242, 1016, and 1232, but did not closely match any individual Aroclor or projecte
mixed model.  This trend is consistent with a decrease in the average level of chlorination 
with sediment depth.  

 

 36



 

 
Fi

 
 

 
4
 

known
comp
identif
to com
known
Johnso
Univer

 

.6   

le

 

Near-
surface
sediments

Deep
sediments

gure 4-8.  PCA Plot Using Samples With More Than 50 ppb t-PCB and 23 Key Congeners 

 The samples with the highest PCB concentrations, which were generally also a• mong the 
deepest sediments, clustered relatively close to Aroclor 1221, which is primarily an indication 
of the significanc e samples, and not 
necessarily a close match with this particular Aroclor.  

 Th eners  the l t leve  chlo tended to dri e vari ty be  
sa  and t read luste n the  and  analy (see Figure 4-9).  Bi- 
and trichlorob yl co ers ca  the m pread  least tering ng 
co s.  Th her c nated ener the h t leve cluste and t
greatest comp nal si rity.   

lyt ctor ysis o ke H ell PC istrib n 

The PCB data generated for this study  mod sing ultivariate statistical method 
 as polyto c vecto sis (PVA).  PVA is a valuable tool for chemica g in 

multisource/multiprocess environmental systems. or thi , PVA
y fingerprint (also known as end-member M]) com  the data generated for LH, and 
pare the end members with literature repor po tions and
 PCB dechlorination or weathering patterns).  This analysis y Dr. Glenn W. 
n at the Energy & Geoscience Institute, Department of Civil and Environ ental Engineering, 
sity of Utah.  Data analysis methods were onducted s outl y John 00).   
 

 

e of the low molecular weight congeners in thes

• e cong  with owes ls of rination ve th abili tween
mples, he sp and c ring i  PCA HCA ses 

iphen ngen used ost s  and  clus  amo
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Figure 4-9 CB Congeners 
 
 

 PVA algorithm has evolve s, primarily within the mathematical 
geo rature.  The conceptual mo three parameters of concern in a 
com d system: 1) the number  or end-members) in the system, 
2) th cal composition each en tive proportions of each end-member in 
each sample.  The analysis is performe  number of components in the system 
is d d through PCA a  subseq .  In Step 2, an iterative process is 
used to determine chemical end-memb ing proportions in each sample.  
 

 advantage o is fing a priori assumptions 
of th chemical com sition, o ting fingerprints.  End-
mem rns generated u g this m nstruct and are not selected to fit a 
specific data set (i.e., end me ers are  match a specific Aroclor pattern).   
 
4.6. -Processing/Data Re  necessary to reduce a 
data set to a robust matrix of high conc ely few non-detects.  The 102 sample 
by 1 s uced fi t-PCB.  The 30 
ng/g iterion resulted deletio educing the data set to 97 samples by 
107 s.  The following samples ion: T6-9 (26 ng/g), T6-10 (2 ng/g), 
T16 /g), T16-4 (14 ng/g), and 
 

ata quality assu ce/qua generated by the laboratory also 
were used to reduce the data trix.  A ith a “U” qualifier (non-detect) in 
more than five samples were removed in removal of 51 congeners, 
resu am les by 5  with a “J” qualifier 

.  PC Factor Loading Plot for Selected P

The d over a period of 40 year
logy lite del involves resolution of 
plex, mixe  of components (i.e., fingerprints
e chemi of d-member, and 3) the rela

d in two steps.  In Step 1, the
etermine nd uent goodness-of-fit analysis

er compositions and the mix

A major
r, 

f th erprinting approach is that it does not require 
 the contribue numbe po r geographic distribution of

ber patte sin ethod are a mathematical co
mb  not generated to deliberately

1   Data Pre duction.  In PVA modeling, it is usually
entration samples with relativ

07 congener matrix wa red rst by removing all samples with less than 30 ng/g 
 cutoff cr in n of five of the 102 samples, r

 congener  were deleted using this criter
-1 (24 ng W7-3 (24 ng/g).   

The d ran lity control (QA/QC) qualifiers 
ma ll congeners that were flagged w

from the analysis.  This resulted 
lting in a matrix of 97 s p 6 congeners.  For the most part, data flagged
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(detecte e 

pattern reported by Quensen et al. (1990).  However, Quensen did not report as many congeners as did the 
BCO la

les 

termination of the number of 
of 

 

re O Core N Core L Core J Core I Core T6

d, but below the sample specific MDL) did not appear to adversely effect the model, with on
notable exception:  PCB 184 was reported as non-detect in only 2 of the 97 samples, but had a “J” 
qualifier across the entire data set.  The goodness-of-fit diagnostic analysis indicated that this analyte 
could not be back-calculated from principal component space with accuracy.  As such, PCB 184 was 
removed from the analysis.   
 

In a preliminary model run, one of the derived fingerprints was very similar to a dechlorination 

boratory.  Three additional congeners (PCB 84, PCB 92, and PCB 128) were removed from the 
data set so that the LH data would be directly comparable to the Quensen et al. (1990) study.  
 

Several data outliers were identified.  Three of these outliers coincided with samples with coarse 
grain size distributions.  Although no QA/QC problems could be identified for the outliers, these samp
were removed from the analysis in the interest of obtaining a robust data set.  Their removal does not 
imply that they are invalid, but rather that they are unique with respect to at least one congener.  The 
outlier samples that were removed included the following: Q-3, T6-6, T16-5, W7-8, W7-9, and W7-10.  
Future analyses of this data set may warrant closer scrutiny of these samples and the reason(s) for their 
unique behavior.   

 
The data processing steps described above resulted in an input matrix composed of 91 samples 

(Table 4-2) and 52 PCB congeners (Table 4-3).  Lastly, all concentrations were normalized to t-PCB 
concentrations as percentages.  This is important because it removes congener concentration as a variable 
in the analysis.  For t-PCB concentrations, the reader is referred to Section 3.0 of this report.   
 

.6.2   Number of Fingerprints.  The first step in PVA is the de4
end-members (i.e., the number of unique fingerprint patterns) in the system.  For example, a mixture 
two Aroclors would be expected to provide two end-member patterns.  However, if one of the Aroclors
exhibited extensive weathering, a third “weathered” end-member pattern could appear.   

 
 

Table 4-2.  Samples Used in the PVA Model 
 
Core T16 Core W7 Core Q Core P Co

T16-2 W7-1 Q-1 P-1 O-1 N-1 L-1 J-1 I-1 T6-1 
T16-3 W7-2 Q-2 P-2 O-2 N-2 L-2 J-2 I-2 T6-2 
T16-6 W7-4 Q-4 P-3 O-3 N-3 L-3 J-3 I-3 T6-3 
T16-7 W7-5 Q-5 P-4 O-4 N-4 L-4 J-4 I-4 T6-4 
T16-8 W7-6 Q-6 P-5 O-5 N-5 L-5 J-5 I-5 T6-5 
T16-9 W7-7 Q-7 P-6 O-6 N-6 L-6  I-6 T6-7 

  T16-10  W7-11 Q-8 P-7 O-7 N-7 L-7  I-7 T6-8 
  Q-9 P-8 O-8 N-8 L-8  I-8  
  Q-10 P-9 O-9 N-9 L-9  I-9  
   P-10   L-10  I-10  
      L-11  I-11  
      L-12    
      L-13    
      L-14    
      L-15    
      L-16    
      L-17    
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Table 4-3.  Congeners Used in the PVA Model 
 

C No. No. of Chlorines Congener Name IUPA
PCB 1 1 2-chlorobiphenyl 
PCB 3 1 4-chlorobiphenyl 
PCB 4/10 2 2,2'/2,6-dichlorobiphenyl 
PCB 6 2 2,3'-dichlorobiphenyl 
PCB 7/9 2 2,4/2,5-dichlorobiphenyl 
PCB 8/5 2 2,4'/2,3-dichlorobiphenyl 
PCB 16/32 3 2,2',3/2,4',6-trichlorobiphenyl 
PCB 17 3 2,2',4-trichlorobiphenyl 
PCB 18 3 2,2',5-trichlorobiphenyl 
PCB 19 3 2,2',6-trichlorobiphenyl 
PCB 24/27 3 2,3,6/2,3',6-trichlorobiphenyl 
PCB 25 3 2,3',4-trichlorobiphenyl 
PCB 26 3 2,3',5-trichlorobiphenyl 
PCB 28 3 2,4,4'-trichlorobiphenyl 
PCB 31 3 2,4',5-trichlorobiphenyl 
PCB 41/64/71 4 2,2',3,4/2,3,4',6/2,3',4',6-tetrachlorobiphenyl 
PCB 42 4 2,2',3,4'-tetrachlorobiphenyl 
PCB 44 4 2,2',3,5'-tetrachlorobiphenyl 
PCB 45 4 2,2',3,6-tetrachlorobiphenyl 
PCB 47/75 4 2,2',4,4'/2,4,4',6-tetrachlorobiphenyl 
PCB 49 4 2,2',4,5'-tetrachlorobiphenyl 
PCB 51 4 2,2',4,6'-tetrachlorobiphenyl 
PCB 52 4 2,2',5,5'-tetrachlorobiphenyl 
PCB 53 4 2,2',5,6'-tetrachlorobiphenyl 
PCB 56/60 4 2,3,3',4'/2,3,4,4'-tetrachlorobiphenyl 
PCB 59 4 2,3,3',6-tetrachlorobiphenyl 
PCB 63 4 2,3,4',5-tetrachlorobiphenyl 
PCB 66 4 2,3',4,4'-tetrachlorobiphenyl 
PCB 70/76 4 2,3',4',5/2',3,4,5-tetrachlorobiphenyl 
PCB 74 4 2,4,4',5-tetrachlorobiphenyl 
PCB 85 5 2,2',3,4,4'-pentachlorobiphenyl 
PCB 91 5 2,2',3,4',6-pentachlorobiphenyl 
PCB 95 5 2,2',3,5',6-pentachlorobiphenyl 
PCB 97 5 2,2',3',4,5-pentachlorobiphenyl 
PCB 99 5 2,2',4,4’,5-pentachlorobiphenyl 
PCB 101/90 5 2,2',4,5,5'/2,2',3,4',5-pentachlorobiphenyl 
PCB 105 5 2,3,3',4,4'-pentachlorobiphenyl 
PCB 110 5 2,3,3',4',6-pentachlorobiphenyl 
PCB 118 5 2,3',4,4',5-pentachlorobiphenyl 
PCB 132 6 2,2',3,3',4,6'-hexachlorobiphenyl 
PCB 135/144 6 2,2',3,3',5,6'/2,2',3,4,5',6-hexachlorobiphenyl 
PCB 136 6 2,2',3,3',6,6'-hexachlorobiphenyl 
PCB 138/160/163 6 2,2',3,4,4',5'/2,3,3',4,5,6/2,3,3',4',5,6-hexachlorobiphenyl 
PCB 146 6 2,2',3,4',5,5'-hexachlorobiphenyl 
PCB 149 6 2,2',3,4',5',6-hexachlorobiphenyl 
PCB 151 6 2,2',3,5,5',6-hexachlorobiphenyl 
PCB 153 6 2,2',4,4',5,5'-hexachlorobiphenyl 
PCB 156 6 2,3,3',4,4',5-hexachlorobiphenyl 
PCB 174 7 2,2',3,3',4,5,6'-heptachlorobiphenyl 
PCB 177 7 2,2',3,3',4',5,6-heptachlorobiphenyl 
PCB 180 7 2,2',3,4,4',5,5'-heptachlorobiphenyl  
PCB 187/182 7 2,2',3,4',5,5',6/2,2',3,4,4',5,6'-heptachlorobiphenyl 
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e ination of the number of end members is accomplished by evaluating the number of 
cipal components.  Criteria used included the normalized loadings method of Ehrlich and 

 et al. (1999), and inspection of goodness-of-fit indices 
 Miesch (1976) and Johnson et al. (2000).  After an end-member model is 

alyte concentrations.  The back-calculated concentrations then are 
easured analy e concentrations for “goodness of fit.”  Given a perfect fit, all data points 

 determination (CD) (Miesch, 1976) will be 1.0.   

back-calculation plots were developed for each of the 52 congeners, for each 
e-, and four-end-member models).  A three-end-

odel) was determined to best fit the LH data set.  The back-calculation 
odel are shown in Figure 4-10.  The x-axis of each plot shows the 

of each congener in percent.  The y-axis shows the back-calculated value using the 
ber model.  The 1:1 slope and Miesch CD values are shown for each congener.  Goodness-

ent with the three-PC system, and the three-end-member model 
 of the 52 analytes with good agreement for most congeners.  Five 

 back-calculated from three end-members were: PCB 3, PCB 7/9, 
y of a four-PC system was evaluated, to determine whether a 

ber was unaccounted for in the three end-member model.  In the four-end-member model, 
 be an intermediate of two patterns resolved in the three-end-
onal information about the PCB patterns observed at the site.  The 

model a  improve the back-calculated values of the five PCB peaks 
odel.  These results led to the conclusion that the three-PC system 

m st suited the LH data set.    

oral Distributions.  PVA resolved the  
ember congener compositions and their mixing proportions in 

 4-12, and 4-13 and in tabular form in Tables 4-4 
of the end-member fingerprint is plotted for each of the 

.  F e sample with the maximum amount of that particular 
J, P, Q, W7, and T16, age estimates could not be calculated, and 
 “N.”   

mplished by comparison to reference data sets, 
vided by Battelle; 2) Aroclor compositions reported by Frame et 

 environmental fate processes such as dechlorination and 
 Johnson and Chiarenzelli, 2000; Bedard and Quensen, 1995; 
member compositions reported were derived by PVA, solely 
e reference data sets were used only on the back end of the 

 end-member patterns.  In other words, the suspected source and 
ferenced papers were not used to derive the model or to predict the 

e ng data set was used.  The chemical composition, 
poral distri nd interpretations for each end-member fingerprint (EM-1, EM-2, and 

position and distribution of EM-1 are shown in Table 4-4 and Figure 4-
al inspection atterns in comparison to EM-1 suggested that the pattern had 

 Aroclors 1248 and 1254.  Mixture of these two Aroclors was evaluated by 
match was established with EM-1 based on cosine theta (θ) values.  The 

le between two multivariate vectors.  A cosine θ 
e  w dic  completely dissimilar, orthogonal vectors, and a cosine θ value of 1.0  

D term
significant prin
Full (1987), the signal-to-noise criterion of Henry
and scatter-plots as describ
identified, it is used to back-calculate an
compared to the m
will plot on a 1:1 slope, and the Miesch coefficient of

 
In this study, 

potential number of end-m
member model (i.e., a three-PC 
plots for the three-end-m
measured amount 
three-end-mem
of-fit diagnostics were in good agreem
could back-calculate the vast 
PCB peaks that were not ac
PCB 18, PCB 25, and PCB 26.  T
fourth end-mem
the fourth fingerprint profi
member model, and prov
four-end-member 
troubled by the three-end-m
(i.e., the three-end-me
 
4.6.3   Fingerprint Compositions and Geographic Temp
three-end-member patterns.  The end-m
each core sample are sho
and 4-5.  On each graph, the vertical distribution 
10 cores in this study
fingerprint pattern is labeled.  For cores 
the maxima in these cores 
 

Interpretation of end-m
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al. (1996); and 3) PCB patt
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Figure 4-10.  Miesch CD Scatter Plots for the Three-End-Member (i.e., Three-PC) Model.  Solid dots indicate data with no QA/QC 

qualifiers.  Qualified data are indicated by letter.  J (green) indicates detected, but below the sample specific MDL.  Y (magenta) indicates 
peak area higher than the highest calibration standard.  U (red) indicates analyte not detected (Concentration reported as 0.0 ng/g).  D 

(blue) indicates diluted sample concentration reported. 
 

 



 

 
 

Figure 4-11.  Composition and Distribution of EM-1.  The upper bar graph is the chemical composition of EM-1 as reported in Ta  4
T wo 

mu ized 
1248/1254 source, or alternatively, a homogenized 1242/1254 source where the low molecular weight congeners of Aroclor 1242 have 

volatilized.  Vertical EM concentration profiles are shown.  Dates correspond to segments with maximum concentrations; N is used for 
cores that could not be dated. 
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Figure 4-12.  Composition and Distribution of EM-2. h i  as abl
4-4.  The low on r d
based on data reported by Quensen et al. (1990). V   Dates correspond to segm nts 

with maximum concentrations; N is used for cores that could not be dated. 

  T
hlor

he 
in

ertical EM 

upp
atio

er
n 

 ba
ope

r g
rat

rap
ed 

s th
 Ar

concentration profiles are 

e E
ocl

M
or 

-2 c
124

he
8 s

mi
pik

shown.

cal
ed

 co
 se

mp
dim

osi
en

tion
ts fo

 re
a 20

por
-w

ted
eek

 in
 p

 T
erio
e

e 
, ecC dcess roer bar graph represents p

D
ep

th
 (c

m
) 

 

44 



 

 

45 

 

Vertical EM 
dated. 

 
ar graph is the E

ts w h maxim
Figur

c
e 4-13.  Distri The b M e on 

oncentrat pr wn.  Da sp segmen it um concen for cores that could not be 
-3 ch mical compositi

trations; N is used 
as reported in Table 4-4.  bution of EM-3.  

tes corre ond to 
 Composition and
ion ofiles are sho

D
ep

th
 (c

m
) 



 

 46

Table 4-4.  End-Member Compositions for the Three-End-Member Model 
 

IUPAC Structure EM-1 % EM-2 % EM-3 %
PCB 1 2-chlorobiphenyl 0.22 9.69 0.00 
PCB 3 4-chlorobiphenyl 0.00 1.62 2.26 
PCB 4/10 2,2'/2,6-dichlorobiphenyl 0.00 49.52 0.00 
PCB 6 2,3'-dichlorobiphenyl  0.05 0.43 1.15 
PCB 7/9 2,4/2,5-dichlorobiphenyl 0.03 0.04 0.35 
PCB 8/5 2,4'/2,3-dichlorobiphenyl 0.00 5.73 8.37 
PCB 16/32 2,2',3/2,4',6-trichlorobiphenyl 2.30 7.43 11.31 
PCB 17 2,2',4-trichlorobiphenyl 0.88 1.84 7.09 
PCB 18 2,2',5-trichlorobiphenyl 0.88 0.49 3.05 
PCB 19 2,2',6-trichlorobiphenyl 2.86 13.83 2.53 
PCB 24/27 2,3,6/2,3',6-trichlorobiphenyl 1.38 3.67 2.63 
PCB 25 2,3',4-trichlorobiphenyl 0.18 0.00 1.29 
PCB 26 2,3',5-trichlorobiphenyl 0.55 0.30 2.23 
PCB 28 2,4,4'-trichlorobiphenyl 2.78 0.00 0.68 
PCB 31 2,4',5-trichlorobiphenyl 1.50 0.30 2.42 
PCB 41/64/71 2,2',3,4/2,3,4',6/2,3',4',6-tetrachlorobiphenyl 3.49 0.00 2.14 
PCB 42 2,2',3,4'-tetrachlorobiphenyl 1.38 0.00 0.37 
PCB 44 2,2',3,5'-tetrachlorobiphenyl 3.14 0.00 0.43 
PCB 45 2,2',3,6-tetrachlorobiphenyl 0.69 0.06 0.22 
PCB 47/75 2,2',4,4'/2,4,4',6-tetrachlorobiphenyl 3.59 0.11 6.78 
PCB 49 2,2',4,5'-tetrachlorobiphenyl 4.20 0.00 7.25 
PCB 51 2,2',4,6'-tetrachlorobiphenyl 1.31 2.10 3.71 
PCB 52 2,2',5,5'-tetrachlorobiphenyl 5.06 0.37 7.26 
PCB 53 2,2',5,6'-tetrachlorobiphenyl 1.92 2.03 6.67 
PCB 56/60 2,3,3',4'/2,3,4,4'-tetrachlorobiphenyl 2.39 0.00 0.00 
PCB 59 2,3,3',6-tetrachlorobiphenyl 0.31 0.01 0.11 
PCB 63 2,3,4',5-tetrachlorobiphenyl 0.36 0.00 0.05 
PCB 66 2,3',4,4'-tetrachlorobiphenyl 4.59 0.00 0.09 
PCB 70/76 2,3',4',5/2',3,4,5-tetrachlorobiphenyl 3.44 0.00 0.05 
PCB 74 2,4,4',5-tetrachlorobiphenyl 2.88 0.00 0.23 
PCB 5 2,2',3,4,4'-pentachlorobiphenyl 0.94 0.00 0.00  8
PCB 91 2,2',3,4',6-pentachlorobiphenyl 1.35 0.05 1.69 
PCB 95 2,2',3,5',6-pentachlorobiphenyl 4.11 0.35 3.51 
PCB 97 2,2',3',4,5-pentachlorobiphenyl 1.45 0.00 0.00 
PCB 99 2,2',4,4’,5-pentachlorobiphenyl 3.11 0.00 0.81 
PCB 101/90 2,2',4,5,5'/2,2',3,4',5-pentachlorobiphenyl 4.81 0.00 0.69 
PCB 105 2,3,3',4,4'-pentachlorobiphenyl 1.31 0.00 0.00 
PCB 110 2,3,3',4',6-pentachlorobiphenyl 7.62 0.00 3.78 
PCB 118 2,3',4,4',5-pentachlorobiphenyl 4.57 0.00 0.62 
PCB 132 2,2',3,3',4,6'-hexachlorobiphenyl 1.52 0.00 0.28 
PCB 135/144 2,2',3,3',5,6'/2,2',3,4,5',6-hexachlorobiphenyl 0.82 0.00 0.46 
PCB 136 2,2',3,3',6,6'-hexachlorobiphenyl 0.57 0.02 0.46 
PCB 138/160/163 2,2',3,4,4',5'/2,3,3',4,5,6/2,3,3',4',5,6-hexachlorobiphenyl 4.77 0.00 1.19 
PCB 146 2,2',3,4',5,5'-hexachlorobiphenyl 0.76 0.00 0.44 
PCB 149 2,2',3,4',5',6-hexachlorobiphenyl 3.60 0.00 2.26 
PCB 151 2,2',3,5,5',6-hexachlorobiphenyl 0.75 0.00 0.41 
PCB 153 2,2',4,4',5,5'-hexachlorobiphenyl 3.41 0.00 1.61 
PCB 156 2,3,3',4,4',5-hexachlorobiphenyl 0.36 0.00 0.01 
PCB 174 2,2',3,3',4,5,6'-heptachlorobiphenyl 0.42 0.00 0.11 
PCB 177 2,2',3,3',4',5,6-heptachlorobiphenyl 0.31 0.00 0.22 
PCB 180 2,2',3,4,4',5,5'-heptachlorobiphenyl  0.60 0.00 0.27 
PCB 187/182 2,2',3,4',5,5',6/2,2',3,4,4',5,6'-heptachlorobiphenyl 0.49 0.00 0.47 

Total 100% 100% 100% 
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Table 4-5.  End-Member Mixing Proportions in Core Samples 
 

Sample EM-1 EM-2 EM-3 Sample EM-1 EM-2 EM-3 Sample EM-1 EM-2 EM-3
Core T16 Core O Core J 

T16-2  33% 48% 19%  O-1  82% 10% 8%  J-1  85% 6% 10% 
T16-3  52% 23% 24%  O-2  80% 10% 10%  J-2  84% 4% 12% 
T16-6  14% 74% 11%  O-3  63% 14% 23%  J-3  85% 5% 10% 
T16-7  4% 80% 17%  O-4  35% 25% 40%  J-4  86% 4% 11% 
T16-8  6% 46% 48%  O-5  22% 29% 49%  J-5  80% 4% 16% 
T16-9  13% 62% 25%  O-6  20% 29% 51% Core I 
T16-10 11% 75% 13%  O-7  6% 45% 49%  I-1  83% 2% 15% 

Core W7  O-8  2% 68% 30%  I-2  75% -2% 27% 
 W7-1  82% 17% 0%  O-9  9% 55% 36%  I-3  49% 4% 47% 
 W7-2  70% 22% 8% Core N  I-4  35% 9% 56% 
 W7-4  46% 37% 17%  N-1  93% 6% 1%  I-5  23% 18% 58% 
 W7-5  36% 43% 20%  N-2  89% 8% 2%  I-6  27% 16% 57% 
 W7-6  1% 47% 52%  N-3  82% 9% 10%  I-7  13% -3% 90% 
 W7-7  27% 33% 40%  N-4  64% 12% 23%  I-8  4% 11% 86% 
 W7-11 4% 62% 34%  N-5  29% 29% 42%  I-9  0% 36% 65% 

Core Q  N-6  22% 26% 52%  I-10 -5% 61% 44% 
 Q-1  75% 7% 18%  N-7  9% 52% 39%  I-11 -4% 69% 35% 
 Q-2  81% 18% 1%  N-8  6% 76% 18% Core T6 
 Q-4  59% 31% 10%  N-9  2% 71% 27%  T6-1  71% -4% 32% 
 Q-5  50% 32% 18% Core L  T6-2  44% 6% 50% 
 Q-6  28% 44% 28%  L-1  85% 5% 10%  T6-3  7% 17% 76% 
 Q-7  22% 35% 43%  L-2  79% 8% 13%  T6-4  -2% 54% 47% 
 Q-8  29% 40% 31%  L-3  46% 15% 39%  T6-5  9% 53% 38% 
 Q-9  15% 38% 47%  L-4  28% 20% 52%  T6-7  60% 22% 18% 
 Q-10 10% 84% 7%  L-5  13% 25% 62%  T6-8  11% 42% 47% 

Core P  L-6  3% 39% 58%     
 P-1  24% 69% 8%  L-7  0% 70% 30%     
 P-2  72% 26% 2%  L-8  -2% 69% 33%     
 P-3  73% 19% 8%  L-9  -3% 63% 40%     
 P-4  49% 37% 15%  L-10 -3% 61% 42%    
 P-5  33% 38% 29%  L-11 -4% 59% 46%     
 P-6  34% 30% 36%  L-12 22% 38% 40%     
 P-7  23% 40% 37%  L-13 22% 12% 66%     
 P-8  4% 90% 6%  L-14 2% 17% 81%     
 P-9  5% 88% 7%  L-15 -3% 36% 67%     
 P-10 1% 90% 9%  L-16 8% 65% 27%     
     L-17 8% 44% 47%     
 



 

would indicate two identical vectors.  The highest cosine θ (0.94) was achieved when E
compared with a 50/50 mixture of Aroclors 1248 and 1254.  The lower bar graph in Fig ws 
the 50/50 mix in comparison to EM-1.   
 

Information from the Sangamo-Weston/Twelvemile Creek/LH ROD (U.S. EPA
discussions with Mr. Craig Zeller, the U.S. EPA Site Remedial Project Manager (RPM) indicated that the 
Sangamo-Weston plant primarily used Aroclors 1016, 1242, and 1254.  Thus, the prese
1254 in the EM-1 mixture was not surprising, but the presence of Aroclor 1248 was un e it 
was not used.  However, work by Chiarenzelli and colleagues (Chiarenzelli et al., 1997
Chiarenzelli, 2000) demonstrated that when Aroclor 1242 volatilizes from soils, the res in 
the soil can have a PCB profile virtually identical to unaltered Aroclor 1248.  To the ex
information indicating that Aroclor 1242 (not 1248) was used is accurate, the Aroclor 1248 pattern in the 
EM-1 end-member pattern may be related to a weathered Aroclor 1242, and the EM-1 
consistent with a mixed weathered Aroclor 1242/Aroclor 1254 source.   

 
The compositions of Aroclors 1016 and 1242 are very similar (Appendix F) in rs 

are dominated by Cl-2, Cl-3 and Cl-4 homologues (Figure 4-4 and Appendix G).  This sts 
that the 1248 pattern also could be partly the result of weathered Aroclor 1016.  Althou
and colleagues did not study Aroclor 1016 volatilization, Aroclors 1016 and 1242 are si at 
they would likely weather similarly.  Separating their individual contributions to EM-1
using the existing data set; thus, EM-1 likely represents a mixture of Aroclor 1254 with
residues of Aroclors 1242 and 1016, which resembles a 50/50 mixture of Aroclors 1254
 

Resolution of a source pattern with mixed characteristics of two sources indica
were deposited on the lake floor in relatively constant proportions.  This result suggests that either 1) a 
single source of mixed Aroclors is present or 2) two or more sources contributed to the r 
relative contributions were somehow homogenized prior to their deposition.  The EM-1
figures in Figure 4-11 indicate that EM-1 is most abundant in the upper section of the c
recently deposited sediments) and is depleted to low or non-detectable levels with incre
 

End-Member 2.  End-Member 2 did not exhibit a good match with any known
calculated Aroclor mixtures.  The pattern is dominated by low chlorinated congeners, in  
di-, and trichlorobiphenyls.  More specifically, the congeners that make up EM-2 preferentially exhibit 
chlorines in the 2 (ortho), 4 (para), and 6 (ortho) positions.  The dominant congeners a
(PCB 4/10), 2 CB (PCB 1), 2,2',6-CB (PCB 19), and 2,2',3/2,4',6-CB (PCB 16/32) (Fig
inferred Aroclor 1242/1254 source in the study area and the dominance of ortho- and p e., 
the absence of congeners with chlorines in meta positions) suggest that EM-2 is a resul
dechlorination process.   
 

Bedard and Quensen (1995) review a variety of dechlorination processes repor
literature; these processes have been identified as Process M, Process Q, Processes H a , 
Process N, and Process C.  The EM-2 end-member pattern most closely resembles Pro d 
by Bedard and Quensen (1995) and Quensen et al. (1990).  Quensen et al. (1990) repor s a 
result of laboratory dechlorination experiments using organisms from Hudson River sed s 
from one of these experiments are shown in Figure 4-14, where the top bar graph is una
1242, the middle bar graph is the dechlorinated 1242 composition after a 20-week incu , and 
the bottom graph shows the difference between these two patterns.  The figures show a
increase in lower chlorinated, ortho- and para- dominated congeners with dechlorinatio
 

Quensen et al. (1990) also demonstrated that Process C could operate on Arocl
shown on Figure 4-12) and Aroclor 1254 (not shown), in addition to Aroclor 1242 (Fig e  
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 (Figures 3-1 through 3-10).  Process C may have been favored in LH sediments due to the 
nique microbial community or possibly to high PCB concentrations in the sediments.   

End-Member 3.  End-member 3 is characterized by di-, tri-, and tetrachlorobiphenyl congeners 
igure 4-13).  Review of known dechlorination processes suggest that this pattern is related to Process 
' dechlorination (Bedard and Quensen, 1995; Alder et al., 1993; Rhee et al., 1993).  Process H' involves 
echlorination of 23-, 234, and possibly 236-chlorophenyl groups at the meta (i.e., 3 and 5) positions, and 
4- and 245-chlorophenyls at the para (i.e., 4) position.  However, unlike Process C, reference data from 

Process H' dechlorination experiments were unavailable for comparison with EM-3.   
 

Figure 4-15 illustrates the inferred dechlorination of EM-1 (assuming EM-1 as the source) and 
EM-3 (assuming EM-3 as an intermediate byproduct).  The congeners that are lost in the process (i.e., 
those that show a negative difference on the bottom bar chart graph of Figure 4-15) all have chlorine 
groups that Bedard and Quensen (1995) indicate are susceptible to Process H' dechlorination (i.e., PCB 
congeners with 23-, 34-, 234-, 245-, 236-, 2345-, and 23456-groups).  Congeners that they report as 
characteristic end-products resulting from Process H' (2,3'-, 2,4'-, 2,2',4-, 2,2',5-, 2,4',5-, 2,2',4,5'-, and 
2,2',5,5'-) generally show positive differences in Figure 4-15.  There are some exceptions (e.g., 2,4,4' is a 
predicted H' dechlorination product but a negative difference is indicated in Figure 4-15), but for most 
congeners, EM-3 appears consistent with Process H' dechlorination.   

 
The EM-3 pattern is observed in high proportions in samples from each of the 10 cores (Figure  

4-13).  Maximum EM-3 concentrations appear to be associated with samples deposited between 1984 and 
1990, with one exception in Core L where a high concentration is observed in a sample deposited in 1959.   
 
4.6.4   PVA and End-Member Identification Summary.  PVA was used to analyze sediment PCB 
data from LH.  Three chemical fingerprints (end-members) were resolved.  EM-1 was interpreted to be an 
unaltered source mixture of Aroclor 1254 and weathered Aroclor 1242 and/or 1016.  As expected, the 
unaltered source pattern is present in highest proportions in recently deposited sediments (dated between 
1998 and 1999) and is depleted to low or nondetected concentrations with increasing sediment depth.  In 
most cores the upper sediment intervals also correspond with lower t-PCB concentrations.  The unaltered 
source patterns in these upper sediments in cores suggest that PCBs in younger, surface sediments are the 
result of recent transport and deposition from unaltered sources located upgradient.  It is unlikely that the 
EM-1 PCBs are the result of the resuspension and redeposition of deeply deposited sediments from within 
or upgradient of LH.  If the PCBs in the surface sediments resulted from the disturbance and redeposition 
of deep sediment deposits, a greater degree of dechlorination should have been evident and the samples 
would have more closely resembled EM-2 and EM-3 or other reported dechlorination patterns.  In fact, an 
opposite trend was apparent: surface sediments exhibited a relative depletion of lower chlorinated 
congeners and an accumulation of higher chlorinated congeners, suggesting that they were affected by 
weathering and not dechlorination. 

 

 dechlorination pattern based on Aroclor 1248 is shown in Figure 4-12 for comparison with EM
2.  The cosine θ between these two patterns is 0.82, suggesting that the patterns are similar.  EM-2 
exhibits higher proportions of lower chlorinated congeners and fewer tri- and tetrachlorobiphenyls than 
the 20-week dechlorinated sample.  This result may be due to the much longer incubation observed with 
the LH sediments (0 to 20 years), which would be expected to result in more extensive dechlorination of 
the tri- and tetrachlorobiphenyl congeners.   

 
EM-2 is encountered in high proportions in all cores except Core J (Figure 4-12).  In the five 

dated cores, the maximum proportion of EM-2 occurs in sediments with assigned ages between 1977 an
1985.  The maximum proportions of EM-2 roughly correspond to sediment intervals of highest total PCB 
concentration
u
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A ND LAKE HARTWELL S RATES 
 
 

S ral radioisotope 
210Pb.  The activit ospheric fallout 
from  weapons testing, also was measured and confirm the age dating.  Both of these 
isotop  the LH sys  pr rily from atmosp po on and are a rbed to the surface of 
particles.  -238 ( f-life of 22.3 years.  
Crustal m  contains nd Pb that is in equilibrium wi e decay of U.  This activity of 
210Pb in equilibrium with the 238U is referred to as “supported”, and 210Pb that is derived from atmospheric 
deposition an ed to as “exce 10 with 

22.3 years 

s released i e osphere ma  be nd 1965.  I eshwater systems, 
s  lake cores, 13 h no 
ctab ty prior to t 95 and relativel le activity ce the mid-1960s.  However, soil 

ediment deposition containing 137Cs can result in the presence of 137Cs in deposits many 
or the purpose of dating sedime he 137Cs profile is used as a benchmark for 

e posited in the early 1960s.   

p
h h r activity than sandy sediment.  Two assump ents are: 1) the sediment 

 uniform though the profile to  dated, and 2) the sedimentation rate has been 
 be dated (i.e., over the length ).  If these two conditions are not met 

entation rate  procedure is not 
 to  two crite re evaluated through particle grain size and 

stu

For this study, moisture content, 210Pb concentrations, and 137Cs concentrations were determined 
all  segments.  PSD and TOC analyses were n ed on three or more sediment segments per 

ses were conducted in cordance ethods described in the QAPP (Battelle, 
  The c 13 o r values for the 10 

s a s

The sedimentation process in Twelvemi reek/LH has been influenced by two hydroelectric 
supply reservoir, upg ent H.  Historically, the dams have acted as 

porary ent impoundments.  Sediment release events created multiple silt/sand layers in the 
d lake, and these layers were most evident in t e four most upgradient cores (i.e., cores T16, 

yers in t  fo r
relatively 137Cs (Tables 5-1 thro ).  For example, 
in Core W7 (Table <
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Table 5-1.  21 Pb, 13 Cs, Moisture Content, PSD, and TOC Results for Core T16 

Particle ri  (Size Dist bution PSD) Core Segment Segment Depth (cm) 210 137Pb (dpm/g) Cs (dpm/g) % Moisture 
% Gravel % Sand % Silt % Clay 

%TOC

T16-1 15-20 0.240 0.101 22.1 1.00 98.0 1.00 0.00 0.19 
T16-2 42-47 0.352 0.113 22.4 NA NA NA NA NA 
T16-3 59-64 0.300 0.100 22.7 NA NA NA NA NA 
T16-4 74-79 0.236 0.133 22.6 8.00 91.0 1.00 0.00 0.28 
T16-5 98-104 0.524 0.130 34.4 NA NA NA NA NA 
T16-6 109-114 0.190 0.130 21.9 1.00 98.0 1.0 0.0 0.16 
T  1  2.79 0   NA  16-7 16-121 .818 57.5 NA NA NA NA
T  1  4.72 0   0.00 0 16-8 26-131 .534 38.1 52.0 34.0 14.0 1.8
T16-9 136-141 1.92 0.340 27.3 NA NA NA NA NA 

T16-10 146-151 0.795 0.148 26.2 NA NA NA NA NA 
NA = not analyzed. 
Shadi cates that sand  evident i ield, during . 

Table 5-2.  210Pb, 137Cs, Moisture Content, PSD, and TOC Results for Core W7 
 

Distribution (PSD) 

ng indi  was visually n the f coring
 
 

Particle Size Core Segment Segment Depth (cm) 21

% Gravel % Sand % Silt % Clay
%TOC0Pb (dpm/g) 137Cs (dpm/g) % Moisture 

W7-1 7-13 1.31 0.174 31.2 NA NA NA N A NA 
W7-2 13-20 0.418 0.0872 21.1 3.00 94.0 2.00 1.00 0.25 
W7-3 43-50 0.858 0.0862 20.7 NA NA NA NA NA 
W7-4 64-70 0.263 0.105 20.5 7.00 91.0 2.00 0.00 0.13 
W7-5 78-84 0.175 0.0679 21.7 NA NA NA NA NA 
W7-6      101-108 3.56 0.530 49.0 0.00 24.0 63.0 13.0 3.46
W7-7      108-115 1.78 0.396 37.6 NA NA NA NA NA
W7-8 120-127 0.237 0.117 22.4 0.00 98.0 2.00 0.00 0.05 
W7-9      137-144 1.97 0.139 40.92 NA NA NA NA NA

W7-10    1  151-158 2.92 0.496 43.8 0.00 38.0 51.0 11.0 2.69
W7-11      165-172 1.45 0.495 36.47 NA NA NA NA NA

NA = not analyzed. 
Shading i ates that sa  evident in t e field, during ndic nd was visually h coring.  

 



 

 

Table 5-3.  210Pb, 137Cs, Moisture Content, PSD, and TOC Results for Core Q 
 

Particle Size Distribution (PSD) Core Segment Segment Depth (cm) 210Pb (dpm/g) 137Cs (dpm/g) % Moisture 
% Gravel % Sand % Silt % Clay 

%TOC

Q-1 0-5 0.238 0.174 30.4 0.00 98.0 2.00 0.00 0.16 
Q-2 15-20 2.97 0.575 50.1 NA NA NA NA NA 
Q-3 21-26 3.26 0.415 46.8 0.00 39.0 47.0 14.0 3.55 
Q-4    N  26-31 1.66 0.131 31.2 A NA NA NA NA
Q-5 47-52 0.434 0.162 22.2 0.00 94.0 5.00 1.00 0.32 
Q-6 73-78 2    0.00 49.0  .80 0.456 42.1 41.0 10.0 2.77
Q-7 88-93 0.253 0.152 14.2 NA NA NA NA NA 
Q-8 103-108 0.102 0.108 18.9 NA NA NA NA NA 
Q-9 1  0    NA NA NA  18-123 .157 0.108 21.5 NA NA

Q-10 13 38 1.23 9 32.2 0.00 84.0 9.00 7.00 0.20 3-1 0.29
NA = not analyzed. 
S
 

hading indicates that sand was visually evident in the field, during coring.  

 
Table 5-4.  210Pb, 137Cs, Moisture Cont nt, PSD, and TOC Resul

e ib P

e ts for Core P 
 

Particl Si strze Di ution ( SD) Core Segment Segment Depth (cm) 210 137 ) Pb (dpm/g) Cs (dpm/g % Moisture 
% Gravel % Sand % Silt % Clay

%TOC

P-1   0    0-5 0.356 .0884 28.3 0.00 99.0 0.00 1.00 0.33
P-2      5-10 0.310 0.114 24.7 NA NA NA NA NA
P-3      20-25 0.753 0.129 32.5 NA NA NA NA NA
P-4      35-40 0.668 0.150 23.4 0.00 96.0 2.00 2.00 0.22
P-5      50-55 0.430 0.130 24.6 0.00 97.0 2.00 1.00 0.24
P-6      65-70 4.29 0.715 49.5 NA NA NA NA NA
P-7 80-85 3.84 1 45.1 NA NA 0.73 NA NA NA 
P-8 95-100 3.18 1.66 47.8 0.00 10.0 63.0 27.0 2.57 
P-9 110-115 2.65 0.309 30.3 NA NA NA NA NA 

P-10 125-130 2.27 0.157 30.9 0.00 37.0 43.0 20.0 1.14 
NA = not analyzed. 
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Table 5-5.  210Pb, 137 t, OC 
 

ribu

Cs, Moisture Conten PSD, and T Results for Core O 

Particle Size Dist tion (PSD) Core Segment Segment Depth (cm) 210Pb (dpm/g) 137 dpm ure 
%

OCCs ( /g) % Moist
 Silt % Clay

%T
% Gravel % Sand 

O-1 0-5 3.71 455  0.  64.3 0.00 25.0 57.0 18.0 2.52
O-2 5-10 3.52 633  0.  51.7 NA NA NA NA NA
O-3 10-15 5.46 611  0.  52.1 NA NA NA NA NA
O-4 15-20 3.26 703  0.  52.0 NA NA NA NA NA
O-5 20-25 2.94 827  0.  47.8 NA NA NA NA NA
O-6 25-30 2.17 78  0.  46.0 0.00 63.0 27.0 10.0 1.81
O-7 30-35 1.74 532  0.  42.6 NA NA NA NA NA
O-8 35-40 1.12 645  0.  32.7 1.00 78.0 10.0 11.0 1.74
O-9 40-45 0.832 576  0.  35.3 NA NA NA NA NA

NA = not analyzed. 
 
 

Table 5-6.  210Pb, 137Cs, Moisture Cont e
 

u

ent, PSD, and TOC R sults for Core N 

Particle Size Distrib tion (PSD) Core Segment Segment Depth (cm) 210Pb (dpm/g) 137 dpm/g) e 
% S

CCs (  % Moistur
ilt % Clay

%TO
% Gravel % Sand 

N-1 0-7 6.09 474  NA  0.  66.4 NA NA  NA NA
N-2 7-12 5.83 626  60.  0.  58.9 0.00 23.0 0 17.0 3.21
N-3 12-17 6.62 532  NA  0.  58.7 NA NA  NA NA
N-4 17-22 5.03 586  NA  0.  58.8 NA NA  NA NA
N-5 22-27 5.86 772  NA  0.  57.9 NA NA  NA NA
N-7 32-37 3.75 869  NA  0.  55.8 NA NA  NA NA
N-8 37-42 2.91 881  43.  0.  58.4 3.00 36.0 0 18.0 5.00
N-9 42-47 2.49 748  NA  0.  52.9 NA NA  NA NA

NA = not analyzed. 

 



 

    57 

Table 5-7.  210Pb, 137Cs, Moisture Content, PSD, and TOC Results for Core L 
 

Particle Size Distribution (PSD) Core Se %TOCgment Segment Depth (cm) 210Pb (dpm/g) 137Cs (dpm/g) % Moisture 
% Gravel % Sand % Silt % Clay

L-1 0-7 7.08  73.4 NA NA NA NA NA  0.867
L-2 .  2.89 7-12 7 03 0.860 64.3 0.00 9.00 61.0 30.0
L-3 12-17 6.   NA 16 0.921 63.1 NA NA NA NA
L-4 17-22 4.95 0.983  NA NA 64.2 NA NA NA 
L-5 22-27 4.04 .21   NA NA NA 1 59.7 NA NA 
L-6 27-32 4.78 .958   60.0 24.0 2.63 0 58.3 0.00 16.0 
L-7 32-37 4.18 .10   NA NA NA 1 57.2 NA NA 
L-8 37-42 4.44 .29   NA NA NA 1 55.3 NA NA 
L-9 42-47 3.52 .05   NA NA NA 1 53.2 NA NA 

L-10 47-52 4.54 .829   65.0 19.0 2.99 0 52.9 0.00 16.0 
L-11 52-57 4.31 .34   NA NA NA 1 54.6 NA NA 
L-12 57-62 4.24 .28   NA NA NA 1 51.9 NA NA 
L-13 62-67 4.43 1.38 52.0 NA NA NA NA NA 

NA = not analyzed. 

 
Table 5-8.  210Pb, 137Cs, Moisture Con nt, PSD, and TOC Results for Core I 

e Si

 

te
 

Particl ze Distribution (PSD) Core S dp % 
% Sand % Clay 

%TOCegment Segment Depth (cm) 210Pb ( m/g) 137Cs (dpm/g) Moisture 
% Gravel % Silt 

I-1 0-7.5 9.40 48 7  NA  NA NA 0.6 3.5 NA NA
I-2 .5 8.94 65 6  0.00 3.00  40.0 2.70 7.5-12 0.7 8.7 57.0
I-3 7.91 28 6  NA NA  NA NA 12.5-17.5 1. 7.1 NA
I-4 7.37 47 6  NA NA  NA NA 17.5-22.5 1. 6.3 NA
I-5 7.03 88 6  NA NA  NA NA 22.5-27.5 1. 5.4 NA
I-6 5.79 30 6  NA NA  NA NA 27.5-32.5 2. 3.9 NA
I-7 6.48 66 6  0.00 3.00  56.0 2.48 32.5-37.5 2. 0.6 41.0
I-8 37.5-4 6.10 2.90 61.5 NA NA NA NA NA 2.5 
I-9 42.5-47.5 6.29 1.92 61.2 NA NA NA NA NA 

I-10 47.5-52.5 5.51 1.62 60.5 NA NA NA NA NA 
I-11 52.5-57.5 5.61 1.94 62.6 0.00 1.00 34.0 65.0 2.17 

NA = not analyzed.
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Table 5- 0Pb, 137 esu  Core J 
 

cle Size 

9.  21 Cs, Moisture Content, PSD, and TOC R lts for

Parti Distribution (PSD) Core Segment Segm pth (cm 0Pb (dpm/g) (dpm/g) 
% Sand t % Clay

%TOCent De ) 21 137Cs % Moisture 
% Gravel % Sil

J-1 0-8 7.18 .779    18.0 2.57 0 64.0 0.00 44.0 38.0
J-2 8-13 6.46 .794 55.3   NA NA 0 NA NA NA
J-3 13-18 3.32 .874 45.8   NA NA 0 NA NA NA
J-5 23-29 1.79 .647    11.0 0.91 0 43.4 2.00 79.0 8.00

NA = not a d. 
 
 

able 5-1 Pb, 137Cs, Moisture Content, PSD, and TOC Re e T6 
 

Particle Size Distribution (PSD) 

nalyze

T 0.  210 sults for Cor

Core Se %TOCgment Segment Depth (cm) 210Pb (dpm/g) 137Cs (dpm/g) % Moisture 
% Gravel % Sand % Silt % Clay

T6-1 0-7.5 9.37 2.23 75.5 0.00 47.0 34.0 19.0 2.76 
T6-2 5 .7    NA 7.5-12.  6 7 3.41 67.9 NA NA NA NA
T6 .  NA NA -3 12.5-17.5 6 94 2.65 63.5 NA NA NA 
T6-4 17.5-22.5 3.58 1.51   35.0 2.04 44.6 0.00 30.0 35.0
T6-5 7 3.68 973    NA NA 22.5-2 .5 0.0 34.7 NA NA NA
T6-6 4.20 0722    NA NA 27.5-32.5 0. 33.6 NA NA NA
T6-7 3.08 0744    21.0 1.44 32.5-37.5 0. 29.2 0.00 40.0 39.0
T6-8 3.23 0803    NA NA 37.5-42.5 0. 29.4 NA NA NA

NA = not an ed. 
 

alyz

 



 

Five of the six remaining cores collected in LH (cores O, N, L, I, and T6) analyzed for 210Pb and 
137Cs could be dated.  These five cores are located farthest from the dam at the headwaters of LH and, 
therefore, were less influenced by sand layers.  Due to its closer proximity to the headwaters of the lake, 
Core P  was cted by sand deposition from the dam release events and could not be dated.  The 
presence of exce 7Cs in all the core segments, including the upgradient cores, indicates that the 
sedime  LH did not sample sediment deposited before the 1960s.  This may not be 
surprising because USACE created the 1955 and 1963; thus, lake sediments preceding the 
era of a grou esent.   
 

 data  calculate sedimentation rates for the five dated cores (Cores O, N, L, I, and T6) 
are shown in Tables 5-11 through 5-15, respectively.  Each table includes the following information: the 
depth in al an an depth for each core section (cm), the total accumulated dry sediment from the 
surface of the sedi nt core to the mean depth of the section (g/cm2), the years since the section was 
deposit r) and t ear of deposition, and the sediment accumulation rate in units of cm/yr of wet 
sedime ores  far back as 1974, 1966, 1982, 1982, and 1939, 
respectively.  Su  collected from Core L were not the oldest sediments 
collecte his r ntation rates at each core transect, as discussed in the 
followi aragrap

imen  plott ins re 5-1.  
Sedime on ra of the an ore depth due to 
sedime mpa re  I ilar sediment accumulation rates 
(see Table 5-16).  Cores T6, O, and N also had simila  other, but their rates were 
substantially lower than those measured in Cores L an

 

also

nt cores collected from

bove

The

terv

ed (y
nt.  C

d.  T
ng p
 
Sed

ntati
nt co

 

impa
ss 13

nd nuc

 used to

d me
me

lake between 
 nolear testing may t be pr

he y
 O, N, 
rprisin
esult m

hs.  

L, 
gly
ay

I, a
, th
 be due to 

nd 
e d

T6
eep

 we
est
differing sedime

re d
 sed

ate
im

d as
ents

t accum
tes we

ction a

ula
re h
nd water loss with depth.

ti
igh

on 
es

rate
t at

s (
 the

cm/
 su

yr)
rfa

 are
ces 

  Co

ed aga
 cores 
s L and

r rates to each
d I.  

t c
d d
 ha

ore 
ecr
d sim

seg
eas

me
ed 

nt 
rap

age
idly

 in F
 wi

igu
th c

0.0

5.0

2

10.0

15.0

1930194019501960197019801990000

Date

Se
di

m
en

t A
cc

um
ul

at
io

n 

20.0

25.0

R
at

e 
(c

m
/y

r)

Core O
Core N
Core L
Core I
Core T6

 
re 5 ccumulation Rates for Cores O, N, L, I, and T6 

 
 

Figu -1.  Lake Hartwell Sediment A
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Table 5-11.  Sediment Accumulation, Sediment A d Se ulat for 
 

 a pth 
(

Total Dry
Accumulati

Depth D
e mul

yr) 

ge, Year of Deposition, an

 Sediment 
on at Mean 
(g/cm

diment Accum

Year of 
eposition 

ion Rates 

diment Accu
Rate (cm/

Core O 

ation Core
Segment 

Seg
ept

me
h (

nt 
cmD ) 

Me n De
cm) 2) 

Sediment 
Age (yr) 

S

O-1 0-5 2.5 1.  74 0.629 1999 3.97 
O-2 5-10  7.   7.5 05 2.24 1998 3.35
O-3 10-15  15   12.5 .9 4.81 1995 2.60
O-4 15-20  26   17.5 .0 7.72 1992 2.27
O-5 20-25 22.5 36   .4 10.8 1989 2.09
O-6 25-30  47    27.5 .5 14.0 1986 2.32
O-7 30-35  59   32.5 .6 17.5 1982 1.57
O-8 35-40 3  73   7.5 .5 21.6 1978 1.73
O-9 40-45 42.5 89   .2 26.1 1974 1.63

 
 

ediment Age, edi tion  Co

egment 
pth (cm) (

al Dry
mulati
Depth 

 
D

edim mul
yr) 

Table

Cor
Segme

 5-

e 
nt

12

 

.  S

S
De

Accumulation, Sediment 

Mean Depth 
cm) 

 Year of Deposition, and S
 

 Sediment 
on at Mean 
(g/cm

ment Accum

Year of 
eposition 

ula

S

 Rates for

ent Accu
Rate (cm/

re N 

ation 
Tot

Accu
2) 

Sediment
Age (yr) 

N-1 0-7 3.5 2.  40 1.64 1998 2.13 
N-2 7-12  7.   9.5 71 4.84 1995 1.96
N-3 12-17 1 16  4.5 .0 9.69 1990 1.50 
N-4 17-22 24   19.5 .0 14.4 1986 1.36 
N-5 22-27 24.5 32  .0 19.1 1981 1.28 
N-7 32-37 34.5 40  .4 24.0 1976 1.43 
N-8 37-42 39.5 48  1.36 .8 29.0 1971
N-9 42-47 4 57  1.30 .6 34.2 19664.5 
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Table 5-13.  Sediment Accumulation, Sediment Age, Year of Deposition, and Sediment Accumulation Rates for Core L 
 

Core 
Segment 

Segment 
Depth (cm) 

Mean Depth 
(cm) 

Total Dry Sediment 
Accumulation at Mean 

Depth (g/cm2) 
Sediment 
Age (yr) 

Year of 
Deposition 

Sediment Accumulation 
Rate (cm/yr) 

L-1 0-7 3.5 1.73 0.373 2000 9.39 
L-2 7-12 9.5 5.78 1.15 1999 8.30 
L-3 12-17 14.5 12.4 2.36 1998 6.14 
L-4 17-22 19.5 19.0 3.58 1996 5.44 
L-5 22-27 24.5 26.0 4.88 1995 5.02 
L-6 27-32 29.5 33.4 6.25 1994 4.72 
L-7 32-37 34.5 41.5 7.75 1992 4.45 
L-8 37-42 39.5 50.0 9.32 1991 4.24 
L-9 42-47 44.5 59.0 11.0 4.05 1989 

L-10 47-52 49.5 68.4 12.7 3.89 1987 
L-11 52-57 54.5 78.0 14.5 3.76 1986 
L-12 57-62 59.5 87.6 16.3 3.66 1984 
L-13 62-67 64.5 97.4 18.1 3.57 1982 

 
Table 5-14.  Sediment Accumulation, Sediment Age, Year of Deposition, and Sediment Accumulation Rates for Core I 

 

Core 
Segment 

Segment 
Depth (cm) 

Mean Depth 
(cm) 

Total Dry Sediment 
Accumulation at Mean 

Depth (g/cm2) 
Sediment 
Age (yr) 

Year of 
Deposition 

ediment Accumulation 
Rate (cm/yr) 

S

I-1 0-7.5 3.75 0.493 0.196 2000 19.1 
I-2 7.5-12.5 10 2.16 0.785 1999 12.7 
I-3 12.5-17.5 15 4.95 1.74 1998 8.62 
I-4 17.5-22.5 20 9.48 3.29 1997 6.08 
I-5 22.5-27.5 25 14.2 4.91 1995 5.09 
I-6 27.5-32.5 30 19.2 6.60 1993 4.55 
I-7 32.5-37.5 35 25.1 8.70 1991 4.02 
I-8 37.5-42.5 40 31.6 10.9 1989 3.67 
I-9 42.5-47.5 45 38.3 13.2 1987 3.41 

I-10 47.5-52.5 50 45.2 15.5 1984 3.22 
I-11 52.5-57.5 55 52.0 17.9 1982 3.08 
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Table 5-15.  S

Core 
Segment D

ediment Accumulatio

egment 
pth (cm) 

Mean De
(cm) 

n

S
e

pt of
io

l n 
) 

, Sediment Age, Year of Deposition, and Sediment A
 

h 
Total Dry Sediment 

Accumulation at Mean 
Depth (g/cm

ccumulation Rates for Co

 
n 

Sediment Accumu
Rate (cm/yr

re T6 

atio
2) 

Sediment 
Age (yr) 

Year 
Deposit

T6-1 0-7.5 3.75  0.448 0.688 1999 5.45
T6-2 7.5-  12.5 10 3.05 4.26 1996 2.35 
T6-3 12.5-  17.5 15 5.50 7.55 1992 1.99 
T6-4 17.5-  22.5 20 9.07 12.5 1987 1.60 
T6-5 22.5-  27.5 25 14.4 19.7 1980 1.27 
T6-6 27.5-   32.5 30 23.2 32.1 1968 0.935
T6-7 32.5-    0.75837.5 35 33.7 46.1 1954
T6-8 37.5-    0.65942.5 40 44.6 60.7 1939

 
 

 

Tab

Cor

le 5-16.  Supported 210Pb and Sedimentation 
Rates in Cores O, N, L, I, and T6 

e Supported 210Pb 
(dpm/g) 

Sedimentation Rate 
(g/cm2-yr) 

O 0.75 3.45 
N 0.33 1.70 
L 1.00 5.43 
I 1.00 2.93 

T6 0.85 0.75 
Average 0.79 ± 0.28 2.85 ± 1.79 
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The sediment accumulation rates were used to calculate sedimentation rates, measured in  
g/cm2-yr.  This is a measure of the mass of sediment deposited per year, as opposed to the sediment depth 
per year.  Sedimentation rates should be relatively constant and are not influenced by sediment 
compaction.  The sedimentation rates measured in the five downgradient LH cores are shown in Table 5-
16.  Core L had the highest sedimentation rate of 5.43 g/cm2-yr, and Core T6 had the lowest rate of 0.75 
g/cm2-yr. 

 
Because of the greater water content in surface sediments than subsurface sediments, the apparent 

sediment accumulation rate in cm/yr is much higher near the surface than at depth.  The sedimentation 
rates for the five cores ranged from 0.75 to 5.4 g/cm2-yr while the sediment accumulation rates ranged 
from 0.66 to 19 cm/yr.  
 

Table 3-3 showed the required sedimentation in Cores O, N, L, I, and T6 to achieve  
t-PCB concentrations of 1.0 mg/kg, 0.4 mg/kg, and 0.05 mg/kg.  The 1.0 mg/kg t-PCB concentration is 
the surface sediment cleanup goal for the lake, and the times to achieve these cleanup goals are shown in 
Table 5-17, based on the known sediment accumulation rates shown in Tables 5-11 through 5-15 and in 
Figure 5-1.  Due to the relative inaccuracy of these measurements, ranges are provided for the time for 
cleanup.  
 

The 1.0 mg/kg t-PCB goal has been achieved in most cores, including the four upgradient cores, 
and Cores I and T6.  The 1.0 mg/kg t-PCB goal is expected to be achieved within 1 to 3 years in the 
vicinity of Transects O and L, and within 5 to 10 years in the vicinity of Core N.  The longer estimated 
time period for Core N may be an artifact of having used a linear equation to determine the required 
sedimentation to achieve the 1.0 mg/kg t-PCB goal (see Section 3.2 and Figure 3-11).  The 0.4 mg/kg t-
PCB goal is expected to be achieved within 2 to 5 years in Cores L, I, and T6, and within 5 to 10 years in 
Cores N and O.  Lastly, the 0.05 mg/kg t-PCB goal is expected to be achieved within 8 to 10 years in 
Core L, 10 to 15 years in Cores I and T6, and 25 to 30 years in Core N.  The time to achieve 0.05 mg/kg 
t-PCB could not be determined for Core O because the required sedimentation depth exceeded the core 
depth.   
 
 

Table 5-17.  Time Required to Achieve 1.0, 0.4, and 0.05 mg/kg t-PCB 
Concentrations in the Upper 5-cm Surface Sediments 

 

Core 
Time Required to 
Achieve 1 mg/kg(a) 

t-PCB (yr) 

Time Required to 
Achieve 0.4 mg/kg(b) 

t-PCB (yr) 

Time Required to 
Achieve 0.05 mg/kg(c) 

t-PCB (yr) 
 O 1-3 8-10 >28 
 N 5-10 5-10 25-30 
 L 1-3 3-5 8-10 
 I — 2-5 10-15 
 T6 — 2-5 10-15 

(a) ROD surface sediment cleanup goal (U.S. EPA, 1994).  
(b) Mean value for site-specific sediment quality criteria calculated using the  
 U.S. EPA’s equilibrium partitioning approach (U.S. EPA, 1994). 
(c) Effects range-low from NOAA, based on an evaluation of published criteria 

associated with biological effects on aquatic life (U.S. EPA, 1994).  
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6.0  COMPARISON OF FIELD RESULTS WITH HISTORICAL DATA FROM 
LAKE HARTWELL 

 
 
6.1   Surface Sediment Accumulation 

 
Future PCB fate and transport in the Twelvemile Creek/LH system was modeled to predict the 

fate and transport of PCBs in the system over a 30-year period (U.S. EPA, 1994).  The modeling effort 
consisted of 1) future sediment transport/deposition using the HEC-6 computer model Scour and 
Deposition in Rivers and Reservoirs, Version 4.0, developed by the Hydraulic Engineering Center of the 
USACE; 2) future PCB fate and transport using the Water Quality Analysis Simulation Program (WASP-
4), Vers

6 

ts 
ows an illustration of 

expected sediment deposition rates as predicted by the HEC-6 model (U.S. EPA, 1994).  The model 
identifie y 

f 

 
mulation 

ent 

al” 
-energy gradients and turbulence levels, which favored sediment deposition.  

However, only small deposition rates were predicted because most of the sediment was deposited 
upgradi  

r 

 
 be 

ver, 

he comparison of sediment accumulation predicted by the ROD (U.S. EPA 1994) and measured 
as part o

in the 

 

ion 4.0 developed and supported by the U.S. EPA; and 3) future aquatic bioaccumulation 
modeling using the FGETS model (U.S. EPA, 1994).  Results of this study are compared to the HEC-
sediment deposition modeling results.   
 
 The sediment deposition model assumed that the historic hydrologic flow regime and sedimen
loading to the system remain unchanged over a 30-year period.  Figure 6-1 sh

d three distinct sediment transport regimes.  The upper-most regime (Transects T19 to T16; ma
include T16, investigated in this study) acted as a river and generated high-energy gradients, bottom shear 
stresses, turbulence, and high potential for sediment transport, all of which resulted in a small amount o
scour in this regime.  The second regime (Transects T16 through N; includes Transects W7 [located 
between Transects T15 and Q, in Figure 2-1], Q, P, O, and N, investigated in this study), represented a 
transition zone from the high-energy fluid environment (river) to a low-energy environment (lake).  
Energy gradients, bottom shear stresses, and turbulence levels decreased as the transition from the river to
lake occurred, resulting in high sediment deposition rates (1.4 to 13.1 cm/yr) and a 30-year accu
of nearly 10 ft of sediment in some areas.  This second regime is strongly influenced by the impoundm
and subsequent release of sediments at the three upgradient impoundments.  The third regime (Transects 
M through T1; includes Transects L, J, I, and T16, investigated in this study) behaved as a “natur
impoundment with low

ent, and only slow-settling, clay-sized particles were available for downgradient deposition,
resulting in modeled deposition rates of 0 to 1.8 cm/yr, for a total modeled deposition of 0 to 54 cm ove
the 30-year period.   
 

Table 6-1 compares HEC-6-predicted and measured sedimentation rates and predicted and 
measured sediment accumulation over a 10-year period.  Because only the five downgradient cores could
be dated, direct comparisons between predicted and measured rates and sediment accumulation could
made only at the transects represented by the dated cores (i.e., Transects O, N, L, I, and T6).  Howe
qualitative comparisons were made for the other transects based on the observed accumulation of sand 
and consequent burial of PCB-contaminated sediments in the upgradient portion of the river, between 
Transects T16 and O.   

 
T
f this study must be made on the basis of predicted and measured sediment accumulation over a 

finite time period (in this case, 10 years), instead of on the basis of predicted and measured sediment 
accumulation rates.  An obvious difficulty in comparing the sediment accumulation rates reported 
ROD, based on HEC-6 modeling results, with those reported in this study is that the two sediment 
accumulation measurements do not represent the same physical trend.  The values reported in the ROD
represent average sediment accumulation rate values and do not distinguish between compacted and 
uncompacted sediment.  In contrast, careful evaluation of the results presented in Section 5  
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Figure 6-1.  Predicted Average Sediment Burial Rates in Lake Hartwell 

94)  (Source:  U.S. EPA, 19
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Table 6-1.  Comparison of Predi . d   
and Sediment Accumu R  

Sedimentation Accumulation Rat y

cted (U
lation 

es (cm/

S. EPA, 1994) and Measured Se
ates at Transects Investigated in

 

r) Sediment 
Accumulation (cm) 

Measured Ra
Depth Interval

iment Accumulat
This Study 

ion

tes at Various  
s (a)

Transect 
(Core Location) HEC-6 

Predicted Surface Mid-depth e

om

 D ep 

HEC-6 
Predicted Measured

C ments 

T16 10-15 — M f re ove 
c t (Fi 100-150 — easured 70-110 c
ontaminated sedim

m o
en

latively clean sa
gure 3-1) 

nd ab

W7 10-15 — M ativ b
c t (Fi 100-150 — easured 90 cm of
ontaminated sedim

 rel
en

ely clean sand a
gure 3-2) 

ove 

Q 10-15 — M ativ b
con t (Fi 100-150 — easured 25 cm of

taminated sedim
 rel
en

ely clean sand a
gure 3-3) 

ove 

P 5-10 — Me ativ and above 
con t (Fi 50-100 — asured 80 cm of

taminated sedim
 rel
en

ely clean silty s
gure 3-4) 

O 5-10 4.0 (2.5) 2.0 (22.5 (4 HE sedi ion  ) 1.6 2.5) 50-100 20-25 C-6 overestimated ment accumulat
N 5-10 2.1 (3.5) 1.3 (24.5 (4 HE sedi ion ) 1.3 4.5) 50-100 12-17 C-6 overestimated ment accumulat
L 1-5 9.4 (3.5) 4.5 (34.5) (6 HE mat umulation 3.6 4.5) 10-50 37-47 C-6 accurately esti ed sediment acc
J 0-1 — Sed ts c d  ≤ 10 — iment core segmen ould not be date
I 0-1 19.1 (3.75) 4.6 (30.0) (55. HE  sed ation 3.1 0) ≤ 10 32-43 C-6 underestimated iment accumul

T6 0-1 5.5 (3.75) 1.6 (20.0) (40. HE  sed ation 0.7 0) ≤ 10 12-22 C-6 underestimated iment accumul
(a) The mid-depths of the sediment intervals are reported in enth t ac por   
— Indicates sediment accumulation and accumulation rates d no

ted in this table.cumulation rates reeses) for the measured sedimen
t be measured.  

(par
coul
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(Tables 5-11 through 5-15) reveals that se tes decrease with increasing sediment 
depth due to sediment compaction and the loss of water from sediment pore space.  For example, if the 
9.4 cm/y sediment-accumulation rate for Core L were used as the Core L sediment accumulation 
rate, a 1 ulation 

veal a 

 
 in Cores O, N, L, I, and T6, with predicted and measured sediment accumulation rates for 

these cores.  Also shown are the predicted sediment accumulation and sedimentation rates for the five 
cores th

ver an approximate 10-year period between 1990 and 2000, based on the results 
reported in Tables 5-11 through 5-15.  ROD-predicted sedimentation rates are based on those shown in 

igure 6-1, as reported in the ROD (U.S. EPA, 1994).  Measured rates are based on reported rates for 
ayers in Tables 5-11 through 5-15.   

 

d 
e 
nd 

ur in 
the vicinity of Cores I and T16.  In contrast, the measured rates demonstrated that the sediment 
accumu

e 

period, whereas the time for accumulation of the sand layers could not be determined.  Furthermore, 
values p

e 
n the first sand layers represent.  The time periods for these 

events are not known.   

hese flushing events are expected to have had the 
reatest impact on the accumulation of sand and silt in the upgradient reaches, upgradient of Madden 

Bridge e 

diment accumulation ra

r surface-
0-year accumulation of 94 cm of sediment would be predicted.  However, sediment accum

rates in the deepest portions of Core L are only 3.5 to 5 cm/yr, and coring results and age dating re
10-year accumulation of only 42 cm between approximately 1990 and 2000, the difference being due to 
sediment compaction.  For this reason, Table 6-1 shows the predicted and measured 10-year accumulation
of sediments

at could not be dated.   
 
The predicted 10-year accumulation values were determined by multiplying the ROD-reported 

sediment accumulation rates by 10.  The measured accumulation rates were determined by using the 
measured core depth o

F
surface, mid-depth, and deep sediment l

The HEC-6 model overpredicted sediment accumulation rates in Cores O and N by a factor of 
four to ten times, and underpredicted rates in Cores I and T6.  Transect L was the only transect which ha
a model-estimated sediment accumulation rate closely match the measured rate.  Without access to th
precise model inputs into the HEC-6 model, it is difficult to know exactly why the model-predicted a
measured sediment accumulation rates for Transects O, N, I, and T6 differed.  However, it appears that 
the model predicted a more gradual transition between the three sedimentation regimes so that higher 
sedimentation would occur in the vicinity of Transects O and N and lower sedimentation would occ

lation rates throughout the lake and downgradient of Transect P were relatively constant.  The 
sediment depth accumulated at the five measured transects ranged from approximately 10 to 50 cm, and 
there was no evidence that there was greater accumulation around the upgradient cores than the 
downgradient cores.  

 
The HEC-6 model appeared to approximate sediment accumulation reasonably well in the 

vicinity of the upgradient transects (i.e., Transects T16, W7, Q, and P).  All four transect cores showed 
very high levels of sediment accumulation (Table 6-1).  Cores T16, W7, and P showed the highest levels 
of sand accumulation, followed by Core Q.  Although none of the accumulation levels matched the 
HEC-6-predicted levels, the accumulations predicted and measured by HEC-6 were not measured on th
same basis and therefore are not comparable.  The HEC-6-predicted accumulation is based on a 10-year 

rovided in Table 6-1 represent sand depths to the first recognizable silt layers that contain 
relatively high t-PCB concentrations (Figures 3-1 through 3-4).  Significant sand accumulation also was 
observed beneath these first silt layers, resulting in the stratification of silt and sand layers throughout th
cores, and the accumulation of more sand tha

 
Sluice gates from the Woodside I and II impoundments were flushed in 1983 and 1985, releasing 

large amounts of sediment.  Records were not maintained between 1985 and 1993.  In September 1993, 
43,000 yd3 were flushed, mostly from Woodside II.  An additional 7,000 yd3 and 10,000 yd3 were 
dredged in October 1998 and July 1999, respectively.  T
g

(i.e., in the vicinity of Transects T16, W7, Q, and P).  The layering of silt and sand attests to th
fact that sediment accumulation in this area is due primarily to sudden releases of sediment from the 
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impoundments.  A more gradual release of sediments would have resulted in a more regular distributio
of clays, silts, and sands through the sediment column.  
 

n 

6.2   urface Sediment PCB Concentrations  
 

 
 

Hwy 133 Bridge (Transect L) and includes the four upgradient 
poundment release events (i.e., Transects T16, W7, Q, and P) 

hr ansects O, N, and L).  The third reach (Reach 3) extends from 
 13

re 

S

The ROD (U.S. EPA, 1994) identified three reaches (i.e., sedimentation zones) based on the 
HEC-6 modeling results.  The first reach (Reach 1) extended just below the Woodside II impoundment 
(Transect T19) to just upgradient of Maw Bridge (Transect T16).  This reach was upgradient of the area
included in this study, which began at Transect T16.  The second reach (Reach 2) extended from Maw

ridge (Transect T16) to just above the B
transects heavily influenced by sediment im
lus t ee downgradient transects (i.e., Trp

Hwy 3, past U.S. 123, to the Hwy 37 Bridge.  This reach extended beyond the area of this study, but 
included Transects J, I, and T6.   

 
The results of this study subdivide the second reach into two sedimentation zones, based on 

observed and measured sedimentation characteristics.  The first zone (Reach 2a) occurs between Lay 
Bridge and Madden Bridge and includes Transects T16, W7, Q, and P.  The second zone (Reach 2b) 
occurs downgradient of Madden Bridge and includes Transects O, N, and L.  

 
Annual monitoring performed since 1995 shows surface PCB concentrations decreasing with 

time and with increasing distance from the Twelvemile Creek arm of LH.  Results of these events a
hown in Table 6-2.   s

 
 

Table 6-2.  Historical Surface Sediment PCB Monitoring Results (mg/kg), 
Based on Surface 10-15 cm 

 
Sampling Event 

1991  
(Elzermann)(a)

1998  
(RM

1999 This Study, 1999 T, 
Inc)(b,c)

(RMT, 
Inc)(b,c) (Battelle)(d)Transect 

(0-10 cm) (0-15 cm) (0-15 cm) (0-5 cm) (5-10 cm) 
T16 - - 0.024 

W7 0.255 0.308 0.98 
Q 

7.03 (2) 
0.283 2.28 0.076 

P 27.54 (6) <0.141 2.35 0.066 
O 2.05 3.06 1.4 1.6 
N - - 1.5 1.8 0.11 (2) 

L 21.14 (1) 2.53-2.83 2.19-3.93 1.6 2.1 
J 6.88 (2) - - 1.4(e) 1.1(e)

I 16.1 (1) - - 0.86 
T6 13.75 (6) 2.25 5.78 0.93 2.6 

(a) Source:  Elzermann et al., 1991.  Average sector concentration for the top 10 cm of 
s sediment from multiple cores for seven out of 30 LH sectors that matched transect

investigated under this study.  Values in (parentheses) indicate the number of cores 
averaged together to obtain the surface sediment PCB concentration.  

(b) Source:  U.S. EPA, 1998a and 1999.   
(c) Individual grab samples were taken using a petite ponar dredge.   
(d) Merged cells show sediment t-PCB concentrations in the surface 10 cm.   

) Core J segments were from 0-6 cm and 6-11 cm.  (e
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6.3   Time to Achieve Sediment Cleanup Goals 
 

Results from the WASP-4 simulations indicated that clean sediment from the upgradient 
tributaries is being deposited over the contaminated sediments, resulting in the burial and dilution of the 
contaminated sediments over time (U.S. EPA, 1994).  The net results of the transport processes are 1)
reduction in surface- and bed-sediment PCB concentrations in the upper and middle portions of the 
system and 2) an increase in LH surface-

 a 

 and bed-sediment PCB concentrations near the lower end of the 
system.   

n  

esents predicted cleanup goals in terms of mg/L PCB concentrations in the water 
column

e-water 

s (4.86 µg/L t-PCB), indicating negligible 
backgro

 
The results of this study predict that the 1.0 mg/kg sediment cleanup goal will be achieved withi

3 years, the 0.4 mg/kg cleanup goal within 10 years, and the 0.05 mg/kg cleanup goal within 30 years 
(Table 3-3 and 5-17).  These results are based on the assumption that the PCB source has been depleted 
and that clean sediment is being deposited in LH.  The level of contamination of suspended sediments 
with the potential to be deposited in LH was not investigated for this study.  These results suggest that LH 
will meet the treatment goals established in the ROD (U.S. EPA, 1994) within 5 years and that sediment 
recovery will continue over the next three decades.   

 
he ROD also prT

.  A single LH water sample revealed low PCB concentrations (34 µg/L t-PCB) in the water 
column; the highest individual congener concentration was 11 µg/L for PCB 4/10 (2,2′/2,6-dichloro-
biphenyls).  The presence of PCB 4/10 is not surprising due to its abundance in sediments and its 
relatively low molecular weight and higher solubility than higher-chlorinated congeners.  The ROD 
predicts concentrations below 100 µg/L throughout the lake after a 30-year period.  This single lak
result would seem to suggest that lake-water concentrations in portions of the lake already achieved this 
goal.  However, a single lake-water sample is hardly representative of the entire lake, and additional 
sampling is warranted.  Also, the PCB concentration in the water column is not necessarily an accurate 
indicator of its potential to accumulate in benthic animals and fish tissue.  For this reason, biological 
sampling continues to be part of the ongoing LH monitoring program.   

 
 Seneca River sample revealed only trace PCB levelA

und concentrations in this clean portion of the river system.   
 

 70 



 

7.0  CONCLUSIONS 
 
 
The goal of this study was to investigate and identify natural attenuation/natural recovery 

processe e
involved the he U.S. EPA ROD 
for this site and used in various studies.  The transect locations were Transects T16, W7, Q, P, O, N, L, J, 
I, and T

 
CBs.  Sediment 

0Pb and 7Cs analyses were conducted to age date sediments and to determine sediment accumulation 
rates (cm  

7.1  
 

 for 
each cor se
sediment bu
impoundments.  As expected, the hi

hereas san  low PCB concentrations.  The historical sediment releases resulted in 
ubstan  b

upgradie  c
 
Cor

lease of si res exhibited more typical 
ertical B

concentr o  
PCB concen il 
concentratio  
some of the erted 
bell-shaped curve for each core.  The deepest portions of the deepest cores had PCB concentrations near 

tion 
 mg/kg.   

B 
e 

 

s r sponsible for the recovery of PCB-contaminated sediments at the LH site.  The study 
 collection of 10 sediment cores from 10 transect locations identified in t

6.   

Cores were subdivided into 5-cm segments and analyzed for 210Pb, 137Cs, and P
1321

/yr) and sedimentation rates (g/cm2-yr).  Detailed PCB congener analyses were conducted on the
107 individual PCB congeners quantified by GC/MS analysis to identify vertical and lateral congener 
profiles and trends.   

 
 

PCB Concentration Profiles  

Total PCB concentrations were determined by summing the congener-specific concentrations
e gment.  The most upgradient transects (T16, W7, Q, and P) were impacted significantly by 

iltup in the headwaters of LH from the historical sediment releases from the upgradient 
ghest PCB concentrations were associated with silt/clay layers, 

d layers contained veryw
s tial urial of PCB-contaminated sediment in the vicinity of these four cores.  All four of these 

nt ores contained less than the 1.0 mg/kg t-PCB cleanup goal for LH surface sediments.  

es O, N, L, J, I, and T6 consisted primarily of silt and were not noticably impacted by the 
lt and sand from the impoundments.  These downgradient core

v PC  concentration profiles for a depositional area, beginning with relatively low PCB 
ati ns at the sediment-water interface and increasing in concentration with depth until maximum

trations were measured, followed by progressively decreasing concentrations with depth unt
ns were below detection.  (Not all the cores penetrated the PCB-contaminated sediments, and

 cores terminated at the high-concentration regime of the cores.)  The result was an inv

or below detection, which would reflect a historical period before the onset of PCB use at the Sangamo-
Weston plant and the subsequent release of PCBs into the environment.  The sediments containing the 
maximum PCB concentrations were associated with the period of maximum PCB release into the lake.   

 
In each downgradient core, the surface sediments showed decreasing t-PCB concentrations 

approaching the target concentration of 1.0 mg/kg; the maximum surface sediment t-PCB concentration 
was measured at Transect L at 1.58 mg/kg, and the minimum measured surface sediment concentra

as measured at Transect I at 0.86w
 
To determine how quickly surface contaminant concentrations are approaching the target t-PC

concentration of 1.0 mg/kg, sediment concentrations (mg/kg) were plotted against sediment depth for th
six downgradient cores.  The sedimentation depth required to achieve a surface sediment concentration of 
1.0 mg/kg was 2.8 cm, 7.3 cm, and 3.4 cm for Cores O, N and L; Cores I and T6 have already achieved 
the target 1.0 mg/kg concentration in the surface 5 cm.  

The accuracy of this analysis depended on the quality of the data and on the thickness of the 
cored sediment segments.  For this study, the cores were extruded in 5-cm intervals.  Narrower intervals 
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would have provided more precise results.  However, the thickness of the intervals had to be weigh
against the cost of increased sample frequency and the ability to extrude narrower core intervals, 
particularly at the sediment-water interface, where coring proved most difficult.   

 
Mechanisms that influence the reduction rate of surface sediment PCB concentrations include th

rate of sedimentation, the PCB concentration of particles that continue to be transported and deposit
sediment surfaces, and the amount of mixing in the benthic layer of the surface sediments.  More rapid
sedimentation and cleaner sediments enhance the rate of recovery, whereas increased benthic mixing 
retards the rate of recovery. 
 
7.2   PCB Compositional Changes   
 

The PCB composition (i.e., the relative concentrations of PCB congeners) was investigated for 
each sample.  The composition was studied based on PCB homologue (i.e., level of chlorination) da
and/or individual PCB congener data.  The PCB composi

ed 

e 
ed on 

 

ta 
tion of the field samples was studied to 

etermine characteristic relationships attributable to factors such as the sampling location in the river 
(horizon age 

der to examine the 
xtent of PCB weathering and, if possible, to identify the source of contamination.  However, direct 

compar

n by Homologue Distribution (Level of Chlorination).  The relative 
oncentrations of the PCB homologues shifted towards the less chlorinated congeners with sediment 

depth a e not 
 

le 

butions along the river; the 
upgradient locations had distributions and trends similar to those observed in the downgradient locations 
when m

 
hus, 

nyl was generally the center of a near bell-shaped homologue distribution plot.   
 

t 

The PCB homologue distribution of the subsurface sediments was first dominated by 
tetrachlo

s 

sources.  It is likely that the PCB patterns in these deeper sediments are the results of environmental 
transfor s. 

d
tal profile), sample depth (vertical profile), and the age of the sample determined through 

dating.  The PCB compositions were compared to known Aroclor formulations in or
e

ison with Aroclor formulations was recognized to be of limited value considering the significant 
age of most of the measured contaminants and the associated weathering and other transformation 
mechanisms that appear to have affected the PCB composition of the samples.  
 
7.2.1   PCB Compositio
c

nd with the age of the deposited sediments.  In the downgradient reaches of the lake (i.e., thos
noticeably impacted by sediment release events from the impoundments), tetrachlorobiphenyl congeners
dominated surface samples, and the deeper segments were dominated by bi- and trichlorobiphenyl 
congeners.  Monochlorobiphenyl comprised less than 1% of the total PCB in the surface sediment samp
compared to over 6% in the deeper segments.   
 

There was surprisingly little difference in PCB homologue distri

easured from sediment samples closest to the surface (the most recently deposited sediments).  In 
each of the surface sediment samples, tetrachlorobiphenyls were most abundant, followed by the tri- and
pentachlorobiphenyls, then by di- and hexachlorobiphenyls, and mono and heptachlorobiphenyls; t
tetrachlorobiphe

Aroclors 1016, 1242, and 1254 were reported to have been used by the Sangamo-Weston plan
and released into the environment.  Aroclor 1016 is dominated by trichlorobiphenyls, Aroclor 1242 is 
dominated by tri- and tetrachlorobiphenyls, and Aroclor 1254 is dominated by penta- and 
hexachlorobiphenyls.  Thus, it is conceivable that a mixture of these Aroclors could have resulted in the 
homologue distributions in the surface sediments.  

 

robiphenyls.  At greater depths, samples became increasingly dominated by mono-, di-, and 
trichlorobiphenyls.  The homologue distributions of these deeper, high-concentration sediment sample
were so dominated by the dichlorobiphenyls that they could not be linked to unique Aroclors as primary 

mation processes, possibly of Aroclor mixtures similar to those seen in the surface sediment
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7.2.2   PCB Composition by Congener Distribution.  Comparison of the distribution of all measu
PCB congeners, not just homologues, provided a more detailed assessment of PCB distributions in 
surface and buried sediments.  The PCB congener composition became increasingly dominate
chlorinated congeners with sediment depth and corresponding age of the deposited sediments, which is 
consistent with changes observed in the homologue composition.  A significant loss (45%) of tetr
penta-, and hexachlorobiphenyl congeners and accumulation of mono-, di-, and trichlorobiphenyls 
dominated at greater depth.  

red 

d by lower 

a-, 

 

 
-

CB congener compositional analysis indicated the same horizontal characteristics as the 
CB homologue data; most upgradient locations had distributions and trends that were similar to most 

d a PCB congener distribution centered 
round higher-molecular-weight tetrachlorobiphenyls (approximately around PCB 66), but with 

signific
yl 

 
PCB 118; and the hexachlorobiphenyls PCB 138/160/163, PCB 149, and PCB 153.  PCB 110 was 
typically ibuting 

B molecule, is one of 
the most important PCB contamination transformation processes in anaerobic sediments.  In anearobic 
dechlori e 

 
ners 

n.  On the other hand, the congeners for which the greatest relative concentration 
crease was observed (e.g., PCB 4/10, PCB 19, PCB 24/27, and PCB 51) had all or most of their 

chlorine
ing 

e deeper sediments.  These three congeners 
onstitute more than 50% of the t-PCB in many of the study sediments that were deposited about 20 years 

ago, com

The shift from higher to lower chlorinated congeners resulted in the accumulation of primarily 
ortho-chlorinated biphenyls, particularly 2,2′- and 2,6-dichlorobiphenyls, both of which have chlorines
only in ortho positions; these two congeners showed a combined 29% increase.  PCB 1 (2-chloro
biphenyl, also an ortho-chlorinated congener) was detected at relatively high concentrations in many of 
the deeper sediment samples that also had high overall PCB concentrations; in a number of those samples, 
PCB 1 comprised more than 5% of the t-PCB concentration.  PCB 4/10 was the most abundant congener 
in almost all except the most shallow sediments; PCB 4/10 alone constituted more than 25% of the total 
PCBs in many of the samples, and as much as 44% of the total PCBs in a few samples (i.e., Core P, 
segments 8, 9, and 10).  

 
The P

P
downgradient locations.  The sediments close to the surface ha
a

ant contributions of key congeners ranging from di- through hexachlorobiphenyls.  Major 
congeners (each generally comprising between 2 and 6% of the total PCBs) included the dichlorobiphen
PCB 4/10; the trichlorobiphenyls PCB 16/32 and PCB 19; the tetrachlorobiphenyls PCB 41, PCB 47, 
PCB 49, PCB 52, PCB 66, and PCB 70/76; the pentachlorobiphenyls PCB 95, PCB 101/90, PCB 110, and

 the most abundant PCB congener in the surface and near-surface sediment samples, contr
more than 5% of the total PCB in many of these sediments.   

 
Dechlorination, the removal of one or more chlorine substitutions on the PC

nation, the chlorines in the meta and para positions are generally most readily removed, and th
ortho substituted chlorines are widely recognized as being most resistant to anaerobic dechlorination.  
 

A review of the molecular structures of the congeners for which a large relative concentration
decrease was observed (e.g., PCB 22, PCB 28, PCB 33/20, and PCB 44) revealed that these conge
had two or more chlorines in the meta or para positions, and, therefore, were highly susceptible to 
anaerobic dechlorinatio
in

s in the ortho position.  Dechlorination transformations clearly occurred in these sediments, with 
meta and para substituted chlorines being removed from various PCB congener molecules and result
in an accumulation of primarily ortho substituted congeners. 
 

The very slow dechlorination of congeners with all chlorines in the ortho position (e.g., PCB 4, 
PCB 10, and PCB 19) resulted in their accumulation in th
c

pared to less than 5% of the t-PCB in the surface sediments.   
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7.2.3   PCA/HCA Analysis of PCB Concentrations.  PCA and HCA were used to explore the large 
PCB congener data set.  The goal of these tests was to discern PCB composition similarities and 
issimilarities based on factors such as:  

 
, 

eal 

e PCA and HCA analyses include: 

The surface sediment data tended to cluster closest to a mixture of Aroclors 1242 and 1254.  
 
• The intermediate depth sediment data tended to spread out along a distribution closer to 

Aroclors 1242, 1016, and 1232, but did not closely match any individual Aroclor or projected 
mixed model.  This trend is consistent with a decrease in the average level of chlorination 
with sediment depth.  

 
• The samples with the highest PCB concentrations, which were generally also among the 

deepest sediments, clustered relatively close to Aroclor 1221.  This result is primarily an 
indication of the significance of the low-molecular-weight congeners in these samples, and 
not necessarily a close match with this particular Aroclor.  

 
• The congeners with the lowest levels of chlorination tended to drive the variability between 

samples, and the spread and clustering in the PCA and HCA analyses.  Bi- and 
trichlorobiphenyl congeners caused the most spread and least clustering among congeners.  
The higher chlorinated congeners had the highest level of clustering and the greatest 
compositional similarity.   

 
7.2.4   Polytopic Vector Analysis of Lake Hartwell PCB Distribution.  The PCB data generated for 
this study were modeled using the multivariate statistical method known as PVA.  For this study, PVA 
was conducted to identify fingerprint (also known as end-member) compositions from the data generated 
for LH, and to compare the end-members with source patterns reported in the literature (e.g., Aroclor 
compositions and known PCB dechlorination or weathering patterns).  This analysis was conducted by 
Dr. Glenn Johnson at the Energy & Geoscience Institute, Department of Civil and Environmental 
Engineering, University of Utah.  
 

PVA resolved three end-member patterns.  Interpretation of end-member patterns was 
accomplished by comparison to reference data sets, including: 1) Aroclor compositions provided by 
Battelle; 2) Aroclor compositions reported by Frame et al. (1996); and 3) PCB patterns resulting from 
environmental fate processes such as dechlorination and volatilization (Chiarenzelli et al., 1997; Johnson 
and Chiarenzelli, 2000; Bedard and Quensen, 1995; Johnson and Quensen, 2000).  

 
The composition and distribution of EM-1 had characteristics of both Aroclors 1248 and 1254.  

Mixtures of these two Aroclors were evaluated by calculation until the best possible match was 

d

• Horizontal distribution of the site, including locations upgradient from station O (stations P
Q, W7, T16) and downgradient locations (stations O, N, L, J, I, and T6) 
 

• Vertical profiles by depth and/or age 
 

• Sections containing the highest total PCB concentrations from each core.  
 

Upon review of the data, the most apparent trend was that sample clustering was broadly related 
to depth.  As with the homologue and PCB congener pattern analyses, the PCA analysis did not rev
any clear relationships based on horizontal distribution (i.e., the location from under the sediment core 
was taken).  Additional observations based on th
 

• 
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established with EM-1, resulting in a 50/50 distributi n of both congeners.  Information from the 
Sangamo-Weston/Twelvemile Creek/LH Record of Decision (U.S. EPA, 1994) and discussions with Mr. 
Craig Zeller, the U.S. EPA Site RPM indicated that the Sangamo-Weston plant primarily used Aroclors 
1016, 1242, and 1254.  Thus, the presence of Aroclor 1254 in the EM-1 mixture was not surprising, but 
the presence of Aroclor 1248 was unexpected because it was not used.  However, work by Chiarenzelli 
and colleagues (Chiarenzelli et al., 1997; Johnson an 2000) demonstrated that when 
Aroclor 1242 volatilizes from soils, the residue rema ing in the soil can have a PCB profile virtually 
identical to unaltered Aroclor 1248.  To the extent that the information indicating that Aroclor 1242 (not 
1248) was used at the Sangamo-Weston facility is accurate, the Aroclor 1248 pattern in the EM-1 end-
member pattern may have been related to a weathere 2, and the EM-1 pattern was consistent 
with a mixed weathered Aroclor 1242/Aroclor 1254 rmore, the compositions of 1016 and 
1242 are very similar; both Aroclors are dominated by Cl-2, Cl-3 and Cl-4 homologues.  This similarity 
suggests that the 1248 pattern also could be due in pa t to weathered Aroclor 1016.  Thus, EM-1 likely 
represented a mixture of Aroclor 1254 with weathered residues of Aroclors 1242 and 1016, which 
resembles a 50/50 mixture of Aroclors 1254 and 124
 

EM-1 was most abundant in e most recently deposited 
sediments, and was depleted to low or non-detectable levels with increasing depth.  
 

EM-2 was dominated by low-chlorinated congeners, including mono-, di-, and trichlorobiphenyls.  
The congeners that make up EM-2 preferentially exhibit chlorines in the 2 (ortho), 4 (para), and 6 (ortho) 
positions, including 2,2'/26-CB (PCB 4/10), 2 CB (PCB 1), 2,2',6-CB (PCB 19), and 2,2',3/2,4',6-CB 
(PCB 16/32).  The dominance of ortho-chlorines suggested that EM-2 is a result of a microbial 
dechlorination process.   
 

Comparison of EM-2 with literature-reported congener fingerprints identified Aroclor 1248 
dechlorination via Process C (Quensen et al., 1990; Bedard and Quensen, 1995) as a close match.  The 
cosine θ between these two patterns was 0.82, suggesting that the patterns were similar.  EM-2 showed 
higher proportions of lower chlorinated congeners and fewer tri- and tetrachlorobiphenyls than the 20-
week dechlorinated sample used to demonstrate Process C.  This may have been due to the much longer 
incubation observed with the LH sediments (up to 20 years), which would likely have resulted in more 
extensive dechlorination of the tri- and tetrachlorobiphenyl congeners.  

 
EM-2 was encountered in high proportions in all cores except Core J.  In the five dated cores, the 

maximum proportion of EM-2 occurred in sediments with assigned ages between 1977 and 1985.  The 
maximum proportions of EM-2 also roughly corresponded to sediment intervals of highest t-PCB 
concentration.  
 

EM-3 was characterized by di-, tri-, and tetrachlorobiphenyl congeners.  A review of known 
dechlorination processes suggested that this pattern was related to Process H' dechlorination (Bedard and 
Quensen, 1995; Alder et al., 1993; Rhee et al., 1993).  Process H' involves dechlorination of 23-, 234-, 
and possibly 236-chlorophenyl groups at the meta positions, and 34- and 245-chlorophenyls at the para 
positions.  However, unlike Process C, reference data from Process H' dechlorination experiments were 
unavailable for comparison with EM-3.   
 

The EM-3 pattern was observed in high proportions in samples from each of the 10 dated cores.  
Maximum EM-3 concentrations appeared to be associated with samples deposited between 1984 and 
1990, with one exception where a high concentration is observed in a Core L sample deposited in 1959.   

 
The unaltered source patterns in these upper core sediments suggest that PCBs in younger, 

surface sediments are the result of recent transport and deposition from unaltered sources located 

o

d Chiarenzelli, 
in

d Aroclor 124
source.  Furthe

r

8.   

 the upper section of the cores in th
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upgradient.  It is unlikely that the EM-1 PC e resuspension and redeposition of 
eeply deposited sediments from within or upgradient of LH.  If the PCBs in the surface sediments 
sulted from the disturbance and redeposition of deep sediment deposits, a greater degree of 

EM-3 o
ediments exhibited a relative depletion of lower-chlorinated congeners and an accumulation of higher-

 
chlorination processes (Process C 

nd Process H').  Both patterns were found in highest proportions in buried sediments.  Samples with 

concent e 
associat ents deposited between 1984 and 1990.  Process C exhibited the highest proportion 
f lower-chlorinated congeners and the lowest proportion of tri-, tetra-, and higher-chlorinated congeners, 

ess H' 
appeare iments.  
The Pro  did the 

M-1 sediments, but they also had a higher proportion of higher-chlorinated congeners than did the EM-2 

 
7.3   

e 210Pb.  For 
the purp posited in the 
arly 1960s.  However, the presence of the excess Cs in all the cores, including the upgradient cores, 

0s. 

The irregular sediment distribution in upgradient Cores T16, W7, Q, and P meant that the 
n LH 

ores O, N, L, I, and T6) analyzed were age dated.  These five cores were among the farthest from the 

Sediment accumulation rates (cm/yr) were used to calculate sedimentation rates (measured in 
th 

per year from 5.43 g/cm -yr 
 Core L to 0.75 g/cm -yr in Core T6.  Sediment accumulation rates ranged from 0.66 to 19 cm/yr.  

sedimen much higher near the 
urface than at depth.  

and Cor  1 to 3 years in the 
icinity of Transects O and L and within 5 to 10 years in the vicinity of Core N.  The 0.4 mg/kg t-PCB 

res 
N and O  15 

ears in Cores I and T6, and 25 to 30 years in Core N.   

site (U.S
the upgr

Bs are the result of th
d
re
dechlorination should have been evident and the samples would have more closely resembled EM-2 and 

r other reported dechlorination patterns.  In fact, an opposite trend was apparent; surface 
s
chlorinated congeners, suggesting that they were affected by weathering and not dechlorination.  

The other two fingerprint patterns are related to microbial de
a
proportions of the Process C fingerprint coincided with the core intervals with maximum t-PCB 

rations and sediments deposited between 1977 and 1985.  The Process H'  (EM-3) sediments wer
ed with sedim

o
suggesting that these sediments had undergone the most extensive dechlorination at the site.  Proc

d to be an intermediate between the source (EM-1) sediments and Process C (EM-2) sed
cess H' (EM-3) sediments had a higher proportion of lower-chlorinated congeners than

E
sediments.   

Sediment Accumulation and Accumulation Rates 
 

Sediment cores from Sangamo River/LH were age dated using the natural radioisotop
ose of dating sediments, the 137Cs profile is used as a benchmark for sediment de

137e
indicated that the sediment cores collected from LH did not include sediment deposited before the 196

 

sediments at these transects could not be age dated.  Five of the six remaining cores collected i
(C
dam at the headwaters of LH and, therefore, were less influenced by sand layers.   

 

g/cm2-yr) which is a measure of the mass of sediment deposited per year as opposed to the sediment dep
.  The sedimentation rates measured in the five downgradient LH cores ranged 2

2in
However, unlike sedimentation rates, sediment accumulation rates are strongly influenced by the 

t water content, and the apparent sediment accumulation rate in cm/yr is 
s
 

The 1.0 mg/kg t-PCB goal has been achieved in most cores, including the four upgradient cores, 
es I and T6.  The 1.0 mg/kg t-PCB goal is expected to be achieved within

v
goal is expected to be achieved within 2 to 5 years in Cores L, I, and T6 and within 5 to 10 years in Co

.  The 0.05 mg/kg t-PCB goal is expected to be achieved within 8 to 10 years in Core L, 10 to
y
 

The HEC-6 model used for the ROD for the Sangamo-Weston/Twelvemile Creek/LH Superfund 
. EPA, 1994) appeared to approximate sediment accumulation reasonably well in the vicinity of 
adient transects (i.e., Transects T16, W7, Q, and P).  Evidence for very high levels of sediment 
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accumulation was seen in all four transect cores; Cores T16, W7, and P showed the highest levels of s
lation, followed by Core Q.   

and 
accumu

four to t
transect ion rate closely matched the measured rate.  Without 
ccess to the precise model inputs into the HEC-6 model, it is difficult to know exactly why the model-

r, it 
appears tion regimes so 

at higher sedimentation would occur in the vicinity of Transects O and N and lower sedimentation 

sedimen onstant.  
The sedi nsects ranged from 
pproximately 10 to 50 cm, and there was no evidence that there was greater accumulation around the 

 
  

 
 

 
The HEC-6 model over-predicted sediment accumulation rates in Cores O and N by a factor of 
en times, and under-predicted rates in Cores I and T6.  Transect L was the only downgradient 
 whose model-estimated sediment accumulat

a
predicted and measured sediment accumulation rates for Transects O, N, I, and T6 differed.  Howeve

 that the model predicted a more gradual transition between the three sedimenta
th
would occur in the vicinity of Cores I and T16.  In contrast, the measured rates demonstrated that the 

t accumulation rates throughout the lake and downgradient of Transect P were relatively c
ment depth accumulated over a 10-year period at the five age dated tra

a
upgradient cores than the downgradient cores.  
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Appendix C.  IUPAC PCB Nomenclature and Numerical Identification 
PCB 

Congener 
Level of 

Chlorination 
Compound 

Name 
PCB 

Congener
Level of 

Chlorination
Compound 

Name 
PCB1 1 2-chlorobiphenyl PCB47 4 2,2',4,4'-tetrachlorobiphenyl 
PCB2 1 3-chlorobiphenyl PCB48 4 2,2',4,5-tetrachlorobiphenyl 
PCB3 1 4-chlorobiphenyl PCB49 4 2,2',4,5'-tetrachlorobiphenyl 
PCB4 2 2,2'-dichlorobiphenyl PCB50 4 2,2',4,6-tetrachlorobiphenyl 
PCB5 2 2,3-dichlorobiphenyl PCB51 4 2,2',4,6'-tetrachlorobiphenyl 
PCB6 2 2,3'-dichlorobiphenyl PCB52 4 2,2',5,5'-tetrachlorobiphenyl 
PCB7 2 2,4-dichlorobiphenyl PCB53 4 2,2',5,6'-tetrachlorobiphenyl 
PCB8 2 2,4'-dichlorobiphenyl PCB54 4 2,2',6,6'-tetrachlorobiphenyl 
PCB9 2 2,5-dichlorobiphenyl PCB55 4 2,3,3',4-tetrachlorobiphenyl 
PCB10 2 2,6-dichlorobiphenyl PCB56 4 2,3,3',4'-tetrachlorobiphenyl 
PCB11 2 3,3'-dichlorobiphenyl PCB57 4 2,3,3',5-tetrachlorobiphenyl 
PCB12 2 3,4-dichlorobiphenyl PCB58 4 2,3,3',5'-tetrachlorobiphenyl 
PCB13 2 3,4'-dichlorobiphenyl PCB59 4 2,3,3',6-tetrachlorobiphenyl 
PCB14 2 3,5-dichlorobiphenyl PCB60 4 2,3,4,4'-tetrachlorobiphenyl 
PCB15 2 4,4'-dichlorobiphenyl PCB61 4 2,3,4,5-tetrachlorobiphenyl 
PCB16 3 2,2',3-trichlorobiphenyl PCB62 4 2,3,4,6-tetrachlorobiphenyl 
PCB17 3 2,2',4-trichlorobiphenyl PCB63 4 2,3,4',5-tetrachlorobiphenyl 
PCB18 3 2,2',5-trichlorobiphenyl PCB64 4 2,3,4',6-tetrachlorobiphenyl 
PCB19 3 2,2',6-trichlorobiphenyl PCB65 4 2,3,5,6-tetrachlorobiphenyl 
PCB20 3 2,3,3'-trichlorobiphenyl PCB66 4 2,3',4,4'-tetrachlorobiphenyl 
PCB21 3 2,3,4-trichlorobiphenyl PCB67 4 2,3',4,5-tetrachlorobiphenyl 
PCB22 3 2,3,4'-trichlorobiphenyl PCB68 4 2,3',4,5'-tetrachlorobiphenyl 
PCB23 3 2,3,5-trichlorobiphenyl PCB69 4 2,3',4,6-tetrachlorobiphenyl 
PCB24 3 2,3,6-trichlorobiphenyl PCB70 4 2,3',4',5-tetrachlorobiphenyl 
PCB25 3 2,3',4-trichlorobiphenyl PCB71 4 2,3',4',6-tetrachlorobiphenyl 
PCB26 3 2,3',5-trichlorobiphenyl PCB72 4 2,3',5,5'-tetrachlorobiphenyl 
PCB27 3 2,3',6-trichlorobiphenyl PCB73 4 2,3',5',6-tetrachlorobiphenyl 
PCB28 3 2,4,4'-trichlorobiphenyl PCB74 4 2,4,4',5-tetrachlorobiphenyl 
PCB29 3 2,4,5-trichlorobiphenyl PCB75 4 2,4,4',6-tetrachlorobiphenyl 
PCB30 3 2,4,6-trichlorobiphenyl PCB76 4 2',3,4,5-tetrachlorobiphenyl 
PCB31 3 2,4',5-trichlorobiphenyl PCB77 4 3,3',4,4'-tetrachlorobiphenyl 
PCB32 3 2,4',6-trichlorobiphenyl PCB78 4 3,3',4,5-tetrachlorobiphenyl 
PCB33 3 2',3,4-trichlorobiphenyl PCB79 4 3,3',4,5'-tetrachlorobiphenyl 
PCB34 3 2',3,5-trichlorobiphenyl PCB80 4 3,3',5,5'-tetrachlorobiphenyl 
PCB35 3 3,3',4-trichlorobiphenyl PCB81 4 3,4,4',5-tetrachlorobiphenyl 
PCB36 3 3,3',5-trichlorobiphenyl PCB82 5 2,2',3,3',4-pentachlorobiphenyl 
PCB37 3 3,4,4'-trichlorobiphenyl PCB83 5 2,2',3,3',5-pentachlorobiphenyl 
PCB38 3 3,4,5-trichlorobiphenyl PCB84 5 2,2',3,3',6-pentachlorobiphenyl 
PCB39 3 3,4',5-trichlorobiphenyl PCB85 5 2,2',3,4,4'-pentachlorobiphenyl 
PCB40 4 2,2',3,3'-tetrachlorobiphenyl PCB86 5 2,2',3,4,5-pentachlorobiphenyl 
PCB41 4 2,2',3,4-tetrachlorobiphenyl PCB87 5 2,2',3,4,5'-pentachlorobiphenyl 
PCB42 4 2,2',3,4'-tetrachlorobiphenyl PCB88 5 2,2',3,4,6-pentachlorobiphenyl 
PCB43 4 2,2',3,5-tetrachlorobiphenyl PCB89 5 2,2',3,4,6'-pentachlorobiphenyl 
PCB44 4 2,2',3,5'-tetrachlorobiphenyl PCB90 5 2,2',3,4',5-pentachlorobiphenyl 
PCB45 4 2,2',3,6-tetrachlorobiphenyl PCB91 5 2,2',3,4',6-pentachlorobiphenyl 
PCB46 4 2,2',3,6'-tetrachlorobiphenyl PCB92 5 2,2',3,5,5'-pentachlorobiphenyl 

 



 

Appendix C (cont’d).  IUPAC PCB Nomenclature and Numerical Identification Standard 
PCB 

Congener 
Level of 

Chlorination 
Compound 

Name 
PCB 

Congener
Level of 

Chlorination
Compound 

Name 
PCB93 5 2,2',3,5,6-pentachlorobiphenyl PCB140 6 2,2',3,4,4',6'-hexachlorobiphenyl 
PCB94 5 2,2',3,5,6'-pentachlorobiphenyl PCB141 6 2,2',3,4,5,5'-hexachlorobiphenyl 
PCB95 5 2,2',3,5',6-pentachlorobiphenyl PCB142 6 2,2',3,4,5,6-hexachlorobiphenyl 
PCB96 5 2,2',3,6,6'-pentachlorobiphenyl PCB143 6 2,2',3,4,5,6'-hexachlorobiphenyl 
PCB97 5 2,2',3',4,5-pentachlorobiphenyl PCB144 6 2,2',3,4,5',6-hexachlorobiphenyl 
PCB98 5 2,2',3',4,6-pentachlorobiphenyl PCB145 6 2,2',3,4,6,6'-hexachlorobiphenyl 
PCB99 5 2,2',4,4’,5-pentachlorobiphenyl PCB146 6 2,2',3,4',5,5'-hexachlorobiphenyl 
PCB100 5 2,2',4,4',6-pentachlorobiphenyl PCB147 6 2,2',3,4',5,6-hexachlorobiphenyl 
PCB101 5 2,2',4,5,5'-pentachlorobiphenyl PCB148 6 2,2',3,4',5,6'-hexachlorobiphenyl 
PCB102 5 2,2',4,5,6’-pentachlorobiphenyl PCB149 6 2,2',3,4',5',6-hexachlorobiphenyl 
PCB103 5 2,2',4,5',6-pentachlorobiphenyl PCB150 6 2,2',3,4',6,6'-hexachlorobiphenyl 
PCB104 5 2,2',4,6,6'-pentachlorobiphenyl PCB151 6 2,2',3,5,5',6-hexachlorobiphenyl 
PCB105 5 2,3,3',4,4'-pentachlorobiphenyl PCB152 6 2,2',3,5,6,6'-hexachlorobiphenyl 
PCB106 5 2,3,3',4,5-pentachlorobiphenyl PCB153 6 2,2',4,4',5,5'-hexachlorobiphenyl 
PCB107 5 2,3,3',4,5'-pentachlorobiphenyl PCB154 6 2,2',4,4',5,6'-hexachlorobiphenyl 
PCB108 5 2,3,3',4,6-pentachlorobiphenyl PCB155 6 2,2',4,4',6,6'-hexachlorobiphenyl 
PCB109 5 2,3,3',4',5-pentachlorobiphenyl PCB156 6 2,3,3',4,4',5-hexachlorobiphenyl 
PCB110 5 2,3,3',4',6-pentachlorobiphenyl PCB157 6 2,3,3',4,4',5'-hexachlorobiphenyl 
PCB111 5 2,3,3',5,5'-pentachlorobiphenyl PCB158 6 2,3,3',4,4',6-hexachlorobiphenyl 
PCB112 5 2,3,3',5,6-pentachlorobiphenyl PCB159 6 2,3,3',4,5,5'-hexachlorobiphenyl 
PCB113 5 2,3,3',5',6-pentachlorobiphenyl PCB160 6 2,3,3',4,5,6-hexachlorobiphenyl 
PCB114 5 2,3,4,4',5-pentachlorobiphenyl PCB161 6 2,3,3',4,5',6-hexachlorobiphenyl 
PCB115 5 2,3,4,4',6-pentachlorobiphenyl PCB162 6 2,3,3',4',5,5'-hexachlorobiphenyl 
PCB116 5 2,3,4,5,6-pentachlorobiphenyl PCB163 6 2,3,3',4',5,6-hexachlorobiphenyl 
PCB117 5 2,3,4',5,6-pentachlorobiphenyl PCB164 6 2,3,3',4',5',6-hexachlorobiphenyl 
PCB118 5 2,3',4,4',5-pentachlorobiphenyl PCB165 6 2,3,3',5,5',6-hexachlorobiphenyl 
PCB119 5 2,3',4,4',6-pentachlorobiphenyl PCB166 6 2,3,4,4',5,6-hexachlorobiphenyl 
PCB120 5 2,3',4,5,5'-pentachlorobiphenyl PCB167 6 2,3',4,4',5,5'-hexachlorobiphenyl 
PCB121 5 2,3',4,5',6-pentachlorobiphenyl PCB168 6 2,3',4,4',5',6-hexachlorobiphenyl 
PCB122 5 2',3,3',4,5-pentachlorobiphenyl PCB169 6 3,3',4,4',5,5'-hexachlorobiphenyl 
PCB123 5 2',3,4,4',5-pentachlorobiphenyl PCB170 7 2,2',3,3',4,4',5-heptachlorobiphenyl
PCB124 5 2',3,4,5,5'-pentachlorobiphenyl PCB171 7 2,2',3,3',4,4',6-heptachlorobiphenyl
PCB125 5 2',3,4,5,6'-pentachlorobiphenyl PCB172 7 2,2',3,3',4,5,5'-heptachlorobiphenyl
PCB126 5 3,3',4,4',5-pentachlorobiphenyl PCB173 7 2,2',3,3',4,5,6-heptachlorobiphenyl 
PCB127 5 3,3',4,5,5'-pentachlorobiphenyl PCB174 7 2,2',3,3',4,5,6'-heptachlorobiphenyl
PCB128 6 2,2',3,3',4,4'-hexachlorobiphenyl PCB175 7 2,2',3,3',4,5',6-heptachlorobiphenyl
PCB129 6 2,2',3,3',4,5-hexachlorobiphenyl PCB176 7 2,2',3,3',4,6,6'-heptachlorobiphenyl
PCB130 6 2,2',3,3',4,5'-hexachlorobiphenyl PCB177 7 2,2',3,3',4',5,6-heptachlorobiphenyl
PCB131 6 2,2',3,3',4,6-hexachlorobiphenyl PCB178 7 2,2',3,3',5,5',6-heptachlorobiphenyl
PCB132 6 2,2',3,3',4,6'-hexachlorobiphenyl PCB179 7 2,2',3,3',5,6,6'-heptachlorobiphenyl
PCB133 6 2,2',3,3',5,5'-hexachlorobiphenyl PCB180 7 2,2',3,4,4',5,5'-heptachlorobiphenyl
PCB134 6 2,2',3,3',5,6-hexachlorobiphenyl PCB181 7 2,2',3,4,4',5,6-heptachlorobiphenyl 
PCB135 6 2,2',3,3',5,6'-hexachlorobiphenyl PCB182 7 2,2',3,4,4',5,6'-heptachlorobiphenyl
PCB136 6 2,2',3,3',6,6'-hexachlorobiphenyl PCB183 7 2,2',3,4,4',5',6-heptachlorobiphenyl
PCB137 6 2,2',3,4,4',5-hexachlorobiphenyl PCB184 7 2,2',3,4,4',6,6'-heptachlorobiphenyl
PCB138 6 2,2',3,4,4',5'-hexachlorobiphenyl PCB185 7 2,2',3,4,5,5',6-heptachlorobiphenyl 
PCB139 6 2,2',3,4,4',6-hexachlorobiphenyl PCB186 7 2,2',3,4,5,6,6'-heptachlorobiphenyl 
 
 

 



 

Appendix C (cont’d).  IUPAC PCB Nomenclature and 
Numerical Identification Standard 

PCB 
Congener 

Level of 
Chlorination

Compound 
Name 

PCB187 7 2,2',3,4',5,5',6-heptachlorobiphenyl 
PCB188 7 2,2',3,4',5,6,6'-heptachlorobiphenyl 
PCB189 7 2,3,3',4,4',5,5'-heptachlorobiphenyl 
PCB190 7 2,3,3',4,4',5,6-heptachlorobiphenyl 
PCB191 7 2,3,3',4,4',5',6-heptachlorobiphenyl 
PCB192 7 2,3,3',4,5,5',6-heptachlorobiphenyl 
PCB193 7 2,3,3',4',5,5',6-heptachlorobiphenyl 
PCB194 8 2,2',3,3',4,4',5,5'-octachlorobiphenyl 
PCB195 8 2,2',3,3',4,4',5,6-octachlorobiphenyl 
PCB196 8 2,2',3,3',4,4',5,6'-octachlorobiphenyl 
PCB197 8 2,2',3,3',4,4',6,6'-octachlorobiphenyl 
PCB198 8 2,2',3,3',4,5,5',6-octachlorobiphenyl 
PCB199 8 2,2',3,3',4,5,5',6'-octachlorobiphenyl 
PCB200 8 2,2',3,3',4,5,6,6'-octachlorobiphenyl 
PCB201 8 2,2',3,3',4,5',6,6'-octachlorobiphenyl 
PCB202 8 2,2',3,3',5,5',6,6'-octachlorobiphenyl 
PCB203 8 2,2',3,4,4',5,5',6-octachlorobiphenyl 
PCB204 8 2,2',3,4,4',5,6,6'-octachlorobiphenyl 
PCB205 8 2,3,3',4,4',5,5',6-octachlorobiphenyl 
PCB206 9 2,2',3,3',4,4',5,5',6-nonachlorobiphenyl 
PCB207 9 2,2',3,3',4,4',5,6,6'-nonachlorobiphenyl 
PCB208 9 2,2',3,3',4,5,5',6,6'-nonachlorobiphenyl 
PCB209 10 decachlorobiphenyl 

 
 

 

 



 

APPENDIX D 
 

METHOD DETECTION LIMITS AND DATA QUALITY 
ASSURANCE/QUALITY CONTROL SUMMARY 

 











 

APPENDIX E 
 

LABORATORY-REPORTED SAMPLE DATA BY CORE WITH 
QA/QC DATA QUALIFIERS 

 



















































































































































 

APPENDIX F 
 

PCB COMPOSITION PLOTS FOR INDIVIDUAL CONGENERS FOR ALL SEDIMENT 
SAMPLES AND NINE AROCLOR FORMULATIONS 

 























































 

APPENDIX G 
 

PCB COMPOSITION PLOTS FOR HOMOLOGUES FOR ALL SEDIMENT 
SAMPLES AND NINE AROCLOR FORMULATIONS 

 





































































 

APPENDIX H 
 

MOLECULAR STRUCTURES OF KEY PCB CONGENERS INVOLVED IN 
DECHLORINATION PROCESSES 

 









 

APPENDIX I 
 

EXAMPLE PRINCIPAL COMPONENT ANALYSIS (PCA) AND 
HIERARCHICAL CLUSTER ANALYSIS (HCA) PLOTS 

 

























 

APPENDIX J 
 

PCB PARTITIONING STUDIES 

 



 

Appendix J:  PCB Partitioning Studies 
 
 
Vertical PCB advection and diffusion are controlled by the chemical properties of individual PCB 

compounds (e.g., their solubilities, diffusivities, and octanol-water partition coefficients) and by the 
capacity of the PCBs to adsorb to the sediment.  Sorption onto sediments is controlled by the hydrophobic 
nature of the chemical, which is represented by the octanol-water partition coefficient, and by the amount 
of organic matter in the sediments, which is represented by the sediment TOC.  PCB sorption experiments 
with Sangamo-Weston/Twelvemile Creek/LH sediments and LH water were conducted to compare the 
sorption of PCBs onto these specific sediments with literature-reported sorption coefficients.  For this 
experiment, the relative concentration of PCBs is more important than the specific location or core from 
which the sediments are derived. 
 
J.1  PCB Partitioning Approach  
 

Sediment segments were shipped to BCO for partitioning studies.  Partitioning studies were 
conducted after sediment PCB concentration profiles were determined, so a predefined PCB concentration 
range could be targeted for the partitioning study; samples were frozen until use.  Table J-1 shows the 
sediment cores intervals used for the PCB partitioning studies, along with target PCB concentrations based 
on the PCB characterization work described above.  Partitioning studies were conducted at 10°C and at 
neutral pH.  

 
Table J-1 shows sediment segments and their expected concentrations used for the partitioning 

study.  The selected sediment core segments were thawed at room temperature and placed into a clean glass 
or stainless steel container and homogenized by manual stirring.  The homogenized sediments were 
analyzed for PCBs and TOC to establish baseline PCB and TOC loadings for the study.  Bottles 9-20 were 
used for time-dependent desorption studies.  

 
 

Table J-1.  Sediment Core Segments Used for PCB Partitioning Studies 
 

Partitioning 
Experimental 

Bottle No. 

Sample 
Identification 

Number 
Sediment Core 

Segment 

Target t-PCB 
Concentration 

(mg/kg) 
1 SLN-O 1 1 
2 SLN-I 3 5 
3 SLN-L 4 10 
4 SLN-W7 6 25 
5 SLN-W7 6 (Duplicate) 25 
6 SLN-N 4 50 
7 SLN-T16 17 85 
8 Sand (Control) Sand (Control) – 

9-20 
SLN-L 
SLN-N 

SLN-W7 

5, 6, and 9 
3 
11 

23 

 
 

Eight 250-mL Teflon™ bottles (Bottles 1-8) contained approximately 50 g of sediment (wet weight 
basis) plus approximately 200 mL of filtered (glass fiber) LH water.  The bottles were placed onto a 
temperature-controlled shaker table (AROS 160 Adjustable Reciprocating Orbital Shaker inside a Precision 

 J-1 



 

 J-2 

Mechanical Convection Incubator), operated at 200 revolutions per minute (rpm) and maintained at a 
temperature of 10°C.  All eight bottles were shaken at the same time.  Samples were protected from light 
while they are on the shaker table.  Sediment cultures were not killed.   
 

Twelve additional 250-mL bottles (Bottles 9-20) contained sediment and lake water and were 
incubated under the same laboratory conditions as the set of eight bottles described above.  The mid-range 
PCB concentration sediment was targeted, with 50 g of sediment and 200 mL of lake water.  Pairs of 
bottles were sacrificed after each of 2, 4, 6, 8, 10, and 12 weeks of incubation.  The pH of a given aqueous 
matrix was measured using a pH meter calibrated against pH 4.0, 7.0, and 10.0 standards on the day it 
was used.  The aqueous samples were centrifuged at 3,000 rpm for one hour and frozen until they were 
analyzed for PCB concentrations; sediment PCB concentrations were not determined for this portion of 
the experiment.  All aqueous samples and the original eight bottles were analyzed after the 12-week 
incubation period.TP

2
PT  The aqueous samples were used to determine how close the bottles approached 

sorption equilibrium.  
 

When Bottles 1-8 were harvested, pH readings of the lake water in each bottle were made using a 
pH meter calibrated against pH 4.0, 7.0, and 10.0 standards on the days the bottles were sacrificed.  
Sacrificed bottles were centrifuged up to 3 hours, or until fines were visually removed from suspension; 
filtration was not practical due to the potential for PCB sorption onto filter media.  Aqueous and sediment 
samples were maintained at 4°C until analyzed for PCB concentrations.  A parallel set of samples was 
sent to Soil Technology, Inc. (Bainbridge Island, WA) for TOC analysis.  Total solids/total volatile solids 
(TS/TVS) analyses were conducted at Battelle using American Public Health Methods 2540B and 2540E 
(Eaton et al., 1995).  
 
J.2  PCB Partitioning Results  
 

Initial sediment concentrations of total PCBs are listed in Table J-2, with measured aqueous- and 
solid-phase t-PCB concentrations after incubation and percent recoveries.  The tabulated data for all 
partitioning experiments are shown at the end of this appendix. Because of variations between the cores 
analyzed by Battelle-Duxbury and those received by BCO, actual t-PCB concentrations differed 
significantly from targeted PCB concentrations.   

 
Percent recovery values ranged from approximately 25% to approximately 58%.  Sample SW-3 

had a low percent recovery of 4.7%.  This low recovery is probably due to the low initial PCB 
concentration. Bottle SW-3 was not used to calculate PCB KBd B values.   

 
Percent recoveries were lower than expected for all samples.  Because the losses are unknown, it 

was impossible to determine whether the low recoveries were due to low aqueous recoveries, low 
sediment recoveries, or both.  Thus, the extent to which the poor recoveries negatively effected the 
calculated KBd B values is unknown.  

 

                                                 
TP

2
PT Freezing aqueous samples for more than two weeks exceeds the criterion that samples be extracted within two weeks of 
collection for organic analyses.  However, the ability to extract and analyze samples simultaneously significantly reduced 
analytical costs for this task.  The aqueous concentration over time was a non-critical data parameter, and was used solely to 
identify the extent to which sorption equilibrium was achieved.  Consequently, freezing of the samples was not expected to 
negatively impact the overall experimental results.  



 

 J-3 

Table J-2.  Percent PCB Recovery for LH Partitioning Experiments 
 

Sample ID 

Initial 
Volume 

(L) 
Initial Mass 

(g) 

Final Sediment 
Concentration 

(ng/Kg) 

Initial 
Sediment 

Concentration 
(ng/kg) 

Final Liquid 
Concentration 

(ng/L) 

Percent 
PCB 

Recovered
SW-1 0.2 51.8881 884.65 1519.63 0 58 
SW-2 0.2 67.7028 1567.53 5276.42 511.3 30 
SW-3 0.2 50.7122 0.19 4.04 0 4.7 
SW-4 0.2 50.0973 8960.61 21951.8 3138.32 41 
SW-5 0.2 51.1431 10207.71 21951.8 3200.81 47 
SW-6 0.2 52.3529 9925.18 19699.61 4599.79 50 
SW-7 0.2 52.3462 3.1 6.01 0 52 
SW-8 0.2 51.2757 0 0 0 - 
SW-9 0.2 53.3922 2581.07 9770.3 2166.36 27 

SW-10 0.2 50.9328 2659.07 9770.3 2198.9 27 
SW-11 0.2 49.7209 2647.71 9770.3 7174.66 27 
SW-12 0.2 49.4427 2410.22 9770.3 8039.26 25 
SW-13 0.2 49.5377 2577.66 9770.3 10969.49 27 
SW-14 0.2 50.1320 3479.79 9770.3 1277.08 36 
SW-15 0.2 48.7932 2927.75 9770.3 1602.2 30 
SW-16 0.2 50.332 3223.3 9770.3 1679.55 33 
SW-17 0.2 48.6784 3482.9 9770.3 1687.72 36 
SW-18 0.2 50.8613 5091.13 9770.3 1477.7 52 
SW-19 0.2 49.0604 5715.47 9770.3 1758.59 59 
SW-20 0.2 50.5615 4984.23 9770.3 1893.99 51 

(a) Sample EH-8 is the "clean" sand sample, SW-5 is a duplicate of SW-4, and Samples SW-9 through 
SW-20 are composites for the time series data. 

 
 
Sorption coefficients (KBd B) were calculated based on chlorination levels for PCBs.  KBdB and rP

2
P 

values are presented in Table J-3.  Figures J-1 and J-2, for 2-chlorine and 4-chlorine PCBs, are provided 
as example isotherms used to calculate KBdB and “1/n” coefficients using Freundlich Isotherms.  Isotherms 
for 1-chlorine, 3-chlorine, 5-ring, and t-PCBs were similar to those presented in Figures J-1 and J-2.  
However, because data for 6-chlorine through 10-chlorine PCBs was limited to just one or two points, 
isotherms for those PCBs could not be created, and a KBd B value for the higher chlorinated PCBs could not 
be calculated.  In general desorption of PCB into the liquid phase was extremely low for all PCB 
congeners.  

 
KBd B values for these experiments were lower than those typically reported in the literature.  One 

explanation for this is that these partitioning experiments were conducted with actual sediments that had 
been contaminated by PCBs for years or decades.  In general, partitioning experiments are conducted by 
spiking uncontaminated soils or sediments with contaminants of interest.   

 



 

 J-4 

Table J-3.  Sorption Coefficient Data for PCBs 
 

 ln KBdB KBdBBB 1/n RP

2
PPP 

1-Chlorine 10.533 2.355 0.388 0.581
2-Chlorine 6.123 1.812 1.141 0.990
3-Chlorine 3.577 1.275 1.732 0.937
4-Chlorine 9.262 2.226 0.993 0.272
5-Chlorine 6.977 1.943 2.007 0.91 
Composite 8.636 2.156 0.909 0.973
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Figure J-1.  Freundlich Sorption Isotherm for 2-Chlorine PCBs 
 
 

4-Chlorine Partitions
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Figure J-2.  Freundlich Sorption Isotherm for 4-Chlorine PCBs 
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